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INTRODUCTION 


^ The  Technical  Workshop  on  the  Hydrodynamic  Design  and 
Evaluation  of  Cable-Towed  Sonar  Systems  represents  the  third  in 
a series  of  seminary  on  the  subject  of  Hydromechanics.  The  first 
two  gatherings  were  formally  known  respectively  as  the  Tripartite 
Conference  on  Hydrodynamics  of  Ship-Towed,  Cable-Body  Systems,  held 
in  May  1958  at  the  David  Taylor  Model  Basin,  and  the  Tripartite 
Seminar  on  the  Hydromechanics  of  High  Speed  Towing  held  in  October 
1965  at  the  Naval  Research  Establishment,  Dartmouth,  Nova  Scotia. 

The  Workshop,  although  related  to  the  two  previous  semi- 
nars, differed  in  two  respects  this  year.  Representatives  from 
Great  Britain  were  not  in  attendance  (hence  deletion  of  tripartite 
title),  and  selected  contractors  were  invited  to  report  on  work 
being  performed  under  present  Navy  contracts  apropos  of  the  aims 
of  the  meeting. 

The  purpose  of  the  workshop  was  to  provide  a meetino  place 
among  specialists  involved  in  the  towed-sonar  program  for  informal 
discussion  on  the  following  subjects: 

/Towed  .System  %namicsj 

Jt)wed  £^)dy /Hydrodynamics  j 

faired  Towline  Hydrodynamics j 

Towed  System  Evaluation  « ^ 

Representatives  of  both  Canada  and  theXUnited  States  were  in  atten- 
dance. 

It  was  agreed  that  the  next  Workshop  would  be  held  in  Sep- 
tember of  1969,  and  would  be  hosted  by  the  David  Taylor  Model  Basin. 

In  accordance  with  recommendation  #4  of  the  1965  meeting, 
NEL  has  prepared  bibl iographies  for  each  of  the  four  subject  divi- 
sions. These  are  included  at  the  end  of  each  session. 
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DYNAMIC  ANALYSIS  AND  SIMULATION  OF  TOWED  SYSTEMS 


by  Dr.  John  D.  Burroughs 
Research  Engineer 
The  Boeing  Company 
Seattle,  Washington 


ABSTRACT 


An  Einalysis  of  the  static  and  dynamic  behavior  of  towed  systems  with  freedom  to 
move  in  three  dimensional  space  has  been  performed  by  Ttie  Boeing  Company  for  the 
U.  S.  Navy.  This  analysis  was  performed  with  the  aid  of  a large  active-analog 
computer.  A brief  description  is  presented  of  the  original  approach  taken  and 
subsequent  modifications  which  have  been  made  to  permit  a wide  range  of  towed 
systems  to  be  analyzed.  The  form  of  data  output  that  is  available  frcm  the 
simulation  is  presented. 


INTRODUCTION 

During  1965,  The  Boeing  Company  was  engaged  in  the  preliminary  design  of  a high 
performance  towed  system  under  U.  S.  Navy  Contract  N123(953)52l87A.  Included  in 
the  work  of  this  contract  was  a dynamic  analysis  of  the  resultant  towed  system. 
This  emalysis  was  performed  by  means  of  an  analog  Bimulation  of  the  cable  and 
depressor  body,  which  were  free  to  move  in  three  dimensional  space.  The  simu- 
lation was  used  in  the  selection  of  the  depressor  body  configuration  and  in  the 
design  of  an  active  control  system  for  the  body.  The  static  cable  shape  and 
body  location  as  well  as  the  dynamic  motion  of  the  system  in  response  to  towing 
ship  motion  were  predicted  by  the  simulation. 

During  I966,  The  Boeing  Company  was  awarded  a U.  S.  Navy  contract  to  extend  the 
capabilities  of  the  simulation  developed  under  Contract  N123(953)52l87A  to  allow 
a wide  rsinge  of  towed  systems  to  be  analyzed.  This  work  is  currently  underway. 

This  paper  presents  a brief  description  of  the  analytical  approach  that  has  been 
taken  by  The  Boeing  Company  in  analyzing  toired  systems.  Representative  results 
of  the  simulation  operation  are  presented  to  demonstrate  its  capabilities.  A 
complete  derivation  of  equations  and  a description  of  the  simulation  work  done 
in  1965  may  be  found  in  Reference  (l).  A similar  report  of  current  Boeing  towed 
system  analysis  work  is  given  in  Reference  (2). 
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DESCRIPTION  OF  1965  BOEING  TOWED  SYSTEM  ANALYSIS 

I MECHANICAL  MODEL  OF  CABLE 

A flexible,  faired  cable  presents  a difficult  problem  in  dynamic  analysis.  Hie 
exact  equations  of  three  dimensional  motion  of  the  cable  are  a set  of  nonlinear 
partial  differential  '•quations.  At  the  present  time  there  is  no  direct  means 
for  solving  equations  of  this  type  by  either  analog  or  digital  computation. 

Hius,  in  order  to  analyze  the  behavior  of  the  cable  it  is  necessary  to  describe 
its  motion  with  either  difference  or  differential  equations.  The  difference 
equations  approximate  the  motion  of  the  cable  at  discrete  points  in  space  and 
time  while  the  differential  equations  approximate  the  motion  at  discrete  points 
in  space. 

The  approach  taken  for  all  Boeing  cable  simulation  work  to  date  has  been  to 
represent  the  cable  at  discrete  points  in  space  but  continuously  in  time,  by  the 
use  of  a set  of  nonlinear  differential  equations.  Hiese  equations  may  be  thought 
of  as  describing  the  motion  of  a mechanical  model  of  the  cable  which  consists  of 
n rigid  segments.  Each  segment  is  allowed  three  angular  degrees  of  freedom  with 
respect  to  a coordinate  system  fixed  to  the  towing  craft.  Hius  it  is  assumed 
that  elongation  of  the  cable  is  negligible.  The  mass  of  the  cable  is  distributed 
throughout  the  mechanical  model  by  placing  appropriate  point  masses  at  each  end 
of  each  segment. 

Hie  hydrodynamic  forces  acting  on  the  cable  are  represented  by  forces  which  act 
at  the  center  of  each  rigid  model  segment.  These  forces  are  nonlinear  functions 
of  the  relative  water  velocities  of  each  segment.  Included  in  these  forces  are 
the  effects  of  cable  pressure  drag,  friction  drag,  and  side  lift. 

Hie  elastic  properties  of  the  cable  are  represented  in  the  mechanical  model  by 
springs  located  at  each  Joint  between  segments.  Hiese  springs  resist  bending 
or  twisting  about  any  of  the  three  axes  of  motion  of  each  segment  relative  to 
its  adjacent  segments. 

Fig.  1 shows  a pictorial  representation  of  the  cable  mechanical  model.  Hie 
spheres  represent  the  points  of  mass  concentration.  Included  in  each  sphere 
is  a three  axis  universal  Joint  with  constraining  springs  to  simulate  the 
elastic  properties  of  the  cable.  Hie  foil  shaped  segments  that  connect  the 
spheres  are  mass-less,  rigid  links  that  have  hydrodynamic  forces  F F .,  F 
acting  at  their  midpoints.  x y z 


The  upper  end  of  the  cable  is  assumed  to  be  attached  to  a towing  ship  which  may 
change  speed  and  turn  rate.  In  addition,  provision  is  made  in  the  simulation 
to  allow  towing  ship  sway  and  heave  motion  to  be  superimposed  on  the  normal  ship 
maneuvers.  Either  random  or  deterministic  motion  may  be  used  as  a disturbance 
signal.  Hius,  the  behavior  of  a cable  and  body  system  may  be  studied  under  a 
wide  variety  of  simulated  towing  ship  maneuvers  and  sea  state  conditions. 

The  towed  body  is  represented  in  much  the  same  way  as  one  of  the  cable  model 
segments  in  that  it  is  free  to  roll,  pitch,  and  yaw  relative  to  the  last  cable 
segment.  However,  the  hydrodynamic  forces  acting  on  the  body  are  more  complex. 
They  consist  not  only  of  x,  y,  z,  components  of  force,  as  considered  on  the 
cable  segments,  but  also  of  moments  about  each  of  the  three  body  axes.  Hie 
forces  and  moments  generated  by  the  vertical  and  horizontal  control  surfaces  of 
the  towed  body  are  also  simulated  so  that  various  control  schemes  and  modes  of 
operation  may  be  analyzed. 


) 
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DERIVATION  OF  EQUATIONS  OF  MOTION 


Having  postulated  a mechanical  model  of  the  cable  which  consists  of  rigid  segments, 
point  masses,  hydrodynamic  forces,  and  springs,  the  equations  of  motion  of  such 
a mechanical  system  can  be  derived.  As  stated  above,  these  equations  will  be  a 
set  of  nonlinear  differential  equations  which  may  be  solved  by  an  active-analog 
computer. 


Ihe  mechanical  model  of  the  cable  consists  of  n connected,  rigid  segments.  The 
equations  of  motion  of  such  a constrained  mechanical  system  may  be  derived  most 
easily  by  use  of  Lagrange's  Equations'-^ '*.  Lagrange's  equations  may  be  written 
as: 


dtUq*/ 


av  _ 


- Qk 


(1) 


where : 


T = the  kinetic  energy  of  the  system 


V = the  potential  energy  of  the  system 

qj^  = the  k^  generalized  coordinate  of  the  system 

k = 1,  2,  . . . m where  m = the  number  of  degrees 
of  freedom  of  the  system 


Sc 


the  generalized  force  corresponding  to 
generalized  coordinate  qj^ 

time 


The  m equations  given  by  (l)  are  the  equations  of  motion  of  the  system. 


There  are  several  possible  sets  of  generalized  coordinates  that  may  be  chosen 
to  describe  the  motion  of  the  cable  model  segments.  The  quantities  that  were 
chosen  for  the  I965  Boeing  simulation  were  three  angles  defined  as  roll,  pitch, 
and  yaw.  These  three  angles  are  defined  for  each  of  the  n cable  segments  and 
relate  the  attitude  of  each  segment  to  a towing  ship  coordinate  system.  These 
angles  sire  shown  in  Fig.  2.  The  coordinates  X , Y , Z move  with  the  towing 
ship  with  their  origin  located  at  mean  sea  levil  al  thi  average  latitude  and 
longitude  of  the  towing  point.  The  coordinates  X^,  Y^,  are  cable  segment 
body  axis  coordinates  with  the  , ZL  axes  in  the  cable  section  choixi  plane  and 
the  Zg  axis  parallel  to  the  leadiAg  edge  of  the  cable  section.  The  order  of  the 
application  of  the  angles  v/hen  going  frau  ship  coordinates  to  body  coordinates 
is  significant  and  must  be  considered  ae  part  of  the  definition  of  these  quanti- 
ties. A set  of  three  such  singles  is  defined  for  each  cable  segment  and  for  the 
towed  body.  Thus  the  total  number  of  generalized  coordinates  or  degrees  of 
freedom  of  the  system  with  n cable  segments  is: 

m = 3(n  1) 

For  the  cable  simulation  work  that  has  been  done  to  date,  n = 6,  so  that 
21  degrees  of  freedom  are  present. 

In  addition  to  the  ship  coordinates,  X , Y , Z , and  the  body  axis  coordinates 
Yg,  Zg  for  each  segment  and  the  tov/ed  fody,  it  is  convenient  to  introduce 
an  additional  set  of  coordinates  which  are  assumed  to  be  fixed  to  the  earth. 


••^Superior  numbers  refer  to  similarly  numbered  references  at  the  end  of  this  paper. 
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This  "inertial"  set  of  coordinates  is  designaged  as  Y^,  Z^.  and  is  shown  in 
Fig.  3 in  relation  to  the  other  coordinatea  described  above.  We  thus  see  frc*n 
Fig.  3 that  the  location  of  the  towed  body  relative  to  inertial  space,  )*> 

is  composed  of  the  vector  sum  of  three  quantities.  These  are; 

(1)  (x  )j,  the  location  of  the  ship  coordinate  system  origin  relative 
to  inertieil  space  which  accounts  for  ship  maneuvers; 

(2)  (x  ) , the  location  of  the  tow  point  relative  to  the  ship  origin, 
wh?c^  accounts  for  ship  motion  due  to  waves;  and 

(3)  (x  ) , the  location  of  the  towed  body  relative  to  the  tow  point. 

I s 

It  is  noted  that  in  this  case  two  different  coordinate  systems  are  used.  Ceure 
must  be  tedten  when  combining  quantities  in  such  cases  to  assure  that  they  have 
been  treuisformed  into  a common  coordinate  system  before  they  are  added.  The 
details  of  these  transformations  may  be  found  in  Reference  (l). 


The  time  derivative  of  the  position  of  the  ith  mass  segment,  m^,  of  the  cable 
model,  )j,  is  the  absolute  inertial  velocity  of  that  element  of  the  cable 

model.  lhese'‘’velocities  may  be  combined  to  form  the  kinetic  energy**  of  the 
system  as  given  by  (3). 


T = i ^ m;  i)  ('&,) 

t=‘l  ^ ^ 


(3) 


Differentiation  of  (3)  by  each  of  the  21  generalized  coordinates  eind  their  time 
derivatives,  as  required  by  (l),  forms  the  acceleration  portion  of  each  of  the 
21  equations  of  motion. 


The  potential  energy  of  the  system  is  stated  as: 

where  K.,  L.,  and  are  spring  constants  related  to  the  elastic  properties  of 
the  cable.  ^The  effect  of  gravity  on  the  system  could  be  included  as  a potential 
energy  effect  but  it  was  treated  eis  a generalized  force  for  convenience. 

Taking  partial  derivatives  of  (h)  with  respect  to  each  of  the  generalized 
coordinates,  as  required  by  (l),  forms  the  spring  terms  of  the  21  equations  of 
motion. 


All  that  remain  to  form  the  equations  of  motion  are  the  generalized  force  terms. 
These  terms  insert  the  effects  of  the  hydrodynamic  forces  of  the  cable  and  body, 


*Vectors  will  be  designated  by  underlined  lower  case  quauitities.  Where  more 
than  one  coordinate  system  is  being  used,  the  subscript  outside  brackets  will 
be  used  to  identify  which  coordinate  system  the  vector  is  defined  in. 

**This  expression  for  kinetic  energy  omits  the  rotational  kinetic  energy  of  the 
cable  segments  and  towed  body.  These  effects  are  included  in  the  complete 
derivation'  . The  superscript  T designates  a transpose. 
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as  well  as  the  effects  of  gravity  £ind  buoyancy,  into  the  equations  of  motion. 
The  generalized  forces  are  derived  by  Goldstien'^/  to  be:*** 


For  this  problem  these  quantities  are  defined  as: 


5 the  hydrodynamic,  gravity,  or  buoyancy  force  vector  of  the  i 
segment,  ship  coordinates 


th 


(5) 


(r  ) 2 the  point  of  application  of  force  F. , ship  coordinates 

The  hydrodynamic  forces  may  be  expressed^^^  in  tenns  of  the  generalized  coordi- 
nates and  their  time  derivatives.  These  forces  are  calculated  in  the  body  axis 
coordinates  of  the  particular  cable  segment  upon  which  they  act.  In  order  to 
apply  these  forces  to  other  cable  model  segments  as  specified  by  (5),  it  is 
necessary  to  transform  the  forces  to  ship  coordinates  and  then  back  to  each  of 
the  applicable  body  axis  coordinate  system.  Uiese  tremsformations  are  derived 
in  detail  in  Reference  (l). 


SIMULATION  OP  EQUATIONS  OF  MOTION 

For  analog  solution  of  the  equations  of  motion,  the  amount  of  computer  equipment 
required  is  proportional  to  n.  The  cable  model  more  closely  approximates  a 
continuous  cable  as  n becomes  larger.  Ihus  one  is  faced  with  the  problem  of 
selecting  n large  enough  to  give  a valid  representation  of  the  cable  but  not 
so  large  as  to  require  more  analog  computer  equipment  than  is  availabie.  By 
simplifying  the  simulation  of  individual  segments,  more  segments  may  be 
included  at  the  risk  of  less  accuracy  per  segment.  A guide  in  the  deliberation 
of  this  problem  was  provided  by  a conversation  with  John  McKillop  of  Engineering 
Research  Associates.  Mr.  McKillop  indicated  that  in  studies  of  towed  bodies 
and  flexible  faired  cables  they  had  found,  after  trying  several  numbers,  that 
five  segments  provided  an  adequate  representation  of  the  cable. 

Six  segments  were  used  to  represent  the  cable  in  the  Boeing  simulation.  Two 
consoles  of  EASE  2100  active-analog  ccxnputer  equipment  were  used  for  the 
simulation.  The  equipment  requirements  were,  approximately,  as  follows: 

15^+  electronic  multipliers;  6 electronic  resolvers;  288  operational  amplifiers; 
and  328  servo  set  potenticxneters. 


Where  possible,  small  angle  approximations  were  made  for  the  trigonometric 
functions  of  angles.  With  the  exception  of  the  pitch  angles  of  the  upper 
three  cable  segments,  all  cable  segment  and  towed  body  attitude  angles  were 
assumed  to  be  small  angles.  All  towing  conditions  for  which  the  towed  body 
attitude  angles  remained  within  the  tolerances  specified  for  the  preliminary 
design  resulted  in  cable  and  towed  body  attitude  angles  which  were  well 
approximated  by  small  angles. 


Lsigrange's  equations  provide  a convenient  and  rigorous  method  for  deriving  the 
equations  of  motion  of  a mechanical  system  with  constraints.  The  form  of  the 


***A  slightly  more  general  definition  is  required  for  the  case  of  the  towed 
body  to  include  hydrodynamically  produced  moments. 


equations  of  motion  are  such  that  the  highest  derivative  of  each  generalized 
coordinate  appears  in  each  of  the  equations  of  motion,  "nie  solution  of  such 
a set  of  equations  of  motion  thus  requires  that  one  first  solve  a set  of  non- 
linear algebraic  equations  for  the  highest  derivatives  before  proceeding  vith 
the  integration  of  the  equations  of  motion.  'Kieoretically,  these  algebraic 
equations  can  be  solved  on  the  analog  computer  by  means  of  high  gain  integration 
loops,  as  described  by  A.  Hausner''  . In  practice,  however,  it  was  found  that 
while  the  nonlinear  algebraic  equations  could  be  solved  by  this  technique,  the 
rate  of  solution  could  not  be  made  fast  enough  to  prevent  computational 
instabilities  in  the  equations  of  motion.  It  was,  therefore,  necessary  to 
neglect  the  effects  of  inertial  coupling  between  cable  segments.  This 
assumption  removed  the  requirement  of  solving  the  set  of  nonlinear  algebraic 
equations.  For  slow  cable  motion  and  static  cable  shape  solutions,  this 
assumption  is  valid  since  the  inertia  effects  in  question  are  zero.  Studies 
were  made  of  the  inertial  effects  by  including  the  inertial  coupling  terms  at 
reduced  levels  which  permitted  stable  computer  operation.  Such  studies 
indicated  no  significant  effect  of  inertial  coupling  on  the  simulation  results. 

In  the  process  of  deriving  the  equations  of  motion  and  simulating  the  cable 
and  towed  body,  several  assumptions  v/ere  made  in  order  to  reduce  the  problem 
to  one  that  could  be  solved  in  a practical  manner.  The  more  significsmt  of 
these  assumptions  have  been  discussed  above.  These  and  other  less  signifl- 
CEuit  assumptions  are  listed  below. 

(1)  The  cable  was  assumed  to  have  a constant  length  for  a given 
analysis.  Provision  was  made  to  amalyze  numerous  cable  lengths. 

(2)  Inertial  cross  coupling  between  cable  segments  was  assumed  to 
be  negligible. 

(3)  The  trigonometric  functions  of  the  attitude  angles  of  all  cable 
segments  and  the  towed  body  were  approximated  by  small  angle 
relationships  except  for  the  pitch  angles  of  the  upper  three 
cable  segments. 

{h)  The  cable  vras  represented  by  six  rigid  segments. 

(5)  'Hie  effects  of  towing  ship  heading  accelerations  were  assumed  to 
be  negligible. 

(6)  The  hydrodynamic  force  down  the  Z axis  of  the  cable  was  assumed 
to  be  negligible  for  the  lower  three  cable  segments. 

(7)  Moments  due  to  the  products  of  angular  rates  (gyroscopic  effects) 
were  assumed  to  be  negligible. 

DESCRIPTION  OF  I966  BOEING  TOWED  SYSTEM  ANALYSIS 
MODIFICATIONS  TO  THE  EQUATIONS  OF  MOTION 

The  Boeing  towing  system  anslysis  work  done  during  I965  was  tailored  to  a 
specific  high  performance  towed  system.  The  small  angle  assumptions  which  were 
made  regarding  the  cable  attitude  angles  prevented  the  application  of  that 
simulation  to  most  operational  towed  systems.  To  simply  revoke  these  assumptions 
would  require  a substantial  increase  in  analog  equipment  beyond  that  available 
at  the  Boeing  Company.  An  alternative  approach  that  has  been  tad?en  has  been  to 


introduce  a nev;  coordinate  system  which  tracks  the  average  motion  of  the  cal  le 
system.  The  attitude  angles  of  the  cable  mode]  segment  relative  to  this 
coordinate  system  are  small  enough  to  allow  s.’.iall  aingle  approxii.ations  to  be 
applied.  Tlie  nev  coordinate  system,  referred  to  as  the  "cable  coordinate 
system",  is  positioned  by  the  conputer  so  that  the  average  value  of  the  corres- 
ponding model  segment  angles  at  each  end  of  the  cable  are  equal  and  opposite. 

Fig.  4 demonstrates  hov-  such  a cable  coordinate  system  may  be  positioned  to 
cause  the  pitch,  roll,  and  yav.'  angles  of  the  upper  and  lower  cable  segments  to 
be  equal  and  opposite.  The  cable  coordinate  angles  are  obtained  by  solving 
the  follovdng  equations : 

9c  = K(9^-V 

= K(0^  + (6) 

= ^(<^1  i^6) 

where:  0^  = Pitch  angle  relating  ship  coordinates  to  cable  coordinates. 

0^  = Roll  angle  relating  ship  coordinates  to  cable  coordinates. 

= Yaw  angle  relating  ship  coordinates  to  cable  coordinates. 

0^  = Pitch  angle  relating  cable  coordinates  to  body  coordinates. 

0^  = Roll  angle  relating  cable  coordinates  to  body  coordinates. 

= Yaw  angle  relating  cable  coordinates  to  body  coordinates. 

1 = 1,  6 indicates  top  and  bottom  cable  model  segments  respectively. 

The  coordinate  positioning  gain,  K,  is  selected  to  cause  the  cable  coordinates 
to  track  the  gross  motion  of  the  cable  due  to  ship  or  body  maneuvers.  In  this 
manner,  the  angles  which  describe  the  cable  position  relative  to  the  cable 
coordinates  are  kept  small,  as  are  the  errors  due  to  small  angle  approximations 
for  these  angles. 

By  this  approach  it  is  possible  to  simulate  a vide  range  of  cable  tov.ing 
attitudes.  The  introduction  of  an  additional  moving  coordinate  system  compli- 
cated the  derivation  of/l^e  system  equations  of  motion,  and  required  their 
complete  re-derivation. However,  the  form  of  the  derivation  follows  closely 
that  described  above. 

Nonlinear  hydrodynamic  force  data  were  originally  programmed  in  the  form  of 
analytic  approximations  to  the  theoretical  force  expressions.  This  information 
is  now  programmed  by  means  of  nonlinear  analog  function  generators,  a more 
efficient  form  of  data  storage  for  an  analog  computer.  The  determination  of  the 
nonlinear  analog  functions  is  aided  by  a digital  program  which  performs  a least 
squared  error  fit  to  the  given  analytic  or  experimental  data. 

As  a result  of  the  assumption  that  all  the  generalized  coordinate  angles 
describing  the  cable  position  relative  to  the  cable  axes  are  small  angles,  it 
was  found  that  the  set  of  algebraic  equations  for  the  accelerations  of  these 
angles  becomes  linear,  therefore,  these  equations  may  be  solved  for  each 
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cable  length  by  matrix  inversion.  In  this  v/ay,  the  inertial  coupling  problem 
which  had  evaded  solution  in  the  l'^5  simulation  becomes  solvable.  The  result 
of  the  approach  was  to  modify  the  coefficient  of  the  moment  producing  each 
angular  acceleration  and  to  add  to  each  moment  a contribution  from  the  moments 
of  the  adjacent  model  segments. 

SIMULATION  OPERATION 

The  set-up  and  check-out  of  a large  analog  simulation  of  a towed  system  is  a 
tedious  job.  The  settings  of  nearly  i*00  potenticmieters  must  be  calculated  and 
are  subject  to  change  due  to  modifications  of  system  parameters,  scale  factors, 
or  system  equations.  To  aid  in  the  calculation  of  the  potentiometer  settings, 
a digital  program  was  written  which  not  only  calculates  the  potentiometer 
settings  but  also  punches  the  results  on  paper  tape  which  may  then  be  used  to 
servo-set  the  potentiometers.  A second  digital  program  is  used  to  provide 
static  check  solutions  for  verifying  the  analog  computer  operation.  These  tw'o 
digital  programs  greatly  aid  the  bookkeeping  that  accompanies  the  simulation 
operation. 

Difficulties  were  encountered  in  getting  the  1966  towed  system  into  operation 
in  addition  to  those  normally  experienced  with  a new  simulation.  The  source 
of  difficulty  was  traced  to  the  inertial  coupling  problem  that  had  also 
plagued  the  early  operation  of  the  I965  simulation.  Although  the  matrix 
inversion  method  described  above  had  removed  the  unstable  d.c.  computer  loops 
that  othervd.se  would  appear  in  the  simulation  of  Lagrange's  equations,  it 
resulted  in  a general  increase  in  loop  gains.  These  gain  levels  exceeded 
the  dynamic  capabilities  of  certain  computer  components  and  resulted  in 
computational  inst  ibility.  'Riis  was  verified  by  the  fact  that  reducing  the 
solution  rate  by  10  to  1 time  scaling  resulted  in  stable  operation.  In  order 
to  attain  practical  simulation  operation,  it  again  became  necessary  to  neglect 
the  inertial  coupling  effects.  However,  by  operating  at  a reduced  solution 
rate,  we  now  have  an  exact  meems  of  examining  effects  of  the  inertial  coupling. 
This  examination  will  be  done  in  the  near  future. 

A list  of  assumptions  which  are  present  in  the  I966  Boeing  towed  system  analysis 
is  given  below; 

(1)  The  cable  is  assumed  to  have  a constant  length  for  a given  analysis. 
Provision  is  made  to  analyze  numerous  cable  lengths. 

(2)  Inertial  cross  coupling  between  cable  segments  is  eissumed  to  be 
negligible.  This  assvimption  may  be  omitted  at  the  cost  of  increasing 
the  solution  time  to  10  times  real  time. 

(3)  The  trigonometric  functions  of  the  attitude  angles  of  all  cable 
segments  and  the  towed  body,  relative  to  the  cable  axes,  are 
approximated  by  small  eingle  relationships  except  for  the  pitch 
angle  of  the  towed  body. 

(* :)  Hie  cable  is  represented  by  six  rigid  segments. 

(5)  The  effects  of  towing  ship  heading  accelerations  are  assumed  to  be 
negligible. 

(6)  Moments  due  to  the  products  of  singular  rates,  (gyroscopic  effects), 
are  assumed  to  be  negligible. 
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KKeULTS  OF  SIMULATION  OPERATION 


To  date  the  Boeing  towed  system  analysis  has  been  applied  to  a high  perfom:ance 
preliminary  design  system.  This  system  was  the  sole  subject  of  the  I965  work 
and  has  been  used  to  check  out  the  l';*66  simulation.  The  simulation  results 
presented  below  have  been  taken  from  Reference  (l)  describing  the  simu- 

lation work.  The  form  of  data  output  hov'ever,  is  identical  to  that  available 
with  the  improved  simulation. 

Figs.  5 and  6 present  three  views  of  the  cable-body  system  during  various  steady 
state  turns.  In  Fig.  the  body  is  uncontrolled  while  in  Fig.  6 the  roll 
angle  sensed  in  the  body  is  held  to  a small  value  by  a roll  control  system. 
Projections  of  cable  shape  such  as  these  may  be  recorded  by  an  X-Y  plotter  or 
continually  observed  on  a television  display  which  repeats  the  pictures  at  a 
rate  of  10  pictures  per  second.  The  later  form  of  display  is  quite  helpful 
in  visualizing  the  three  dimensional  motion  of  the  cable. 

Figs.  7 and  8 present  typical  analog  oscillograph  displays  of  transient  time 
histories.  In  each  figure  the  transient  response  of  the  roll  and  yaw  angles 
at  each  model  station  is  presented.  In  Fig.  7 the  depressor  body  was  given 
an  initial  roll  displacement.  An  initial  body  yaw  single  transient  is  shown 
in  Fig.  8.  In  addition  to  transient  responses,  the  time  history  of  cable 
motion  in  response  to  various  ship  meuieuvers  and  distrubances  can  be  readily 
obtained  from  the  simulation.  Either  deterministic  or  random  ship  towing 
point  motion  may  be  considered.  Numerous  additional  examples  of  cable  and  body 
motion  oscillographs  may  be  found  in  Reference  (l). 

Fig. 9 presents  a convenient  method  of  visualizing  cable  mode  shapes.  These 
pictures  represent  multiple  exposures  of  the  cable,  taken  as  the  tov;ing  point 
of  cable  was  oscillated  sinusoidally  along  the  ship  Y axis.  The  pictures  are 
"rear  views"  of  the  cable  similar  to  those  of  Figs.  5 and  6 but  v.dth  the 
horizontal  scale  expanded  to  emphasize  the  mode  shape.  The  envelope  of  the 
individual  cable  shapes  gives  the  mode  shape  at  that  particular  disturbance 
frequency.  The  mode  shapes  may  be  recorded  by  exposing  a photograph  of  the 
oscilloscope  display  over  the  duration  of  one  disturbance  frequency  period. 

They  may  also  be  conveniently  observed  during  computer  operation  due  to  the 
persistance  of  the  oscilloscope.  Additional  information  concerning  Fig.  9 
may  be  found  in  Reference  (l)  page  10-5^). 

In  addition  to  the  displays  of  cable  position  and  motion  presented  above,  the 
loads  distributed  along  the  cable  and  at  the  end  points  are  available  from  the 
simulation.  This  information  may  be  presented  as  plots  or  as  tabular  listings. 

CONCLUSION 

It  has  been  the  objective  of  the  Boeing  towed  system  work  to  provide  a means  of 
analyzing  the  three  dimensional  behavior  of  a v/ide  range  of  tov;ed  systenis.  Due 
to  previous  successful  system  studies,  an  analog  simulation  of  the  towed  system 
was  chosen  as  a practical  means  of  accomplishing  these  analyses,  llie  simulation 
has  been  designed  so  that  both  the  static  and  dynamic  behavior  of  a cable  system 
can  be  evaluated  over  a wide  range  of  towing  vehicle  maneuvers  and  w’ave  dis- 
turbances. A simulation  of  this  type  provides  the  designer  with  a working 


DKxler  of  the  system  being  studied  with  the  follov.rlng  favorable  features: 

(l)  Access  to  the  Inner  workings  of  the  system. 

(?)  Ibe  ability  to  artificially  hold  consteint  various  quantities  of 
the  sys^'m. 

(3)  Strict  control  over  the  system  environment,  such  as  v-aves. 

(Ji)  The  ability  to  readily  change  the  physical  parameters  of  the  system. 

(5)  Niunerous  displays  which  realistically  depict  the  operation  of  the 
system  in  real  time. 

With  the  aid  of  such  a simulation,  various  components  of  the  system  such  as  the 
towed  body  or  control  systems  may  be  designed  or  evaluated,  operating  procedures 
may  be  established,  and  operational  boundaries  may  be  probed.  A simulation  of 
this  type  is  also  useful  in  pleuining  sea  trials  and  in  aiding  the  evaluation  of 
the  test  data  taken. 

It  is  believed  that  the  application  of  this  analysis  tool  to  various  towed 
systems  will  result  in  better  insight  into  their  operation  and  a better  under- 
standing of  their  capabilities  and  limitations. 
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FIGURE  3-  RELATIONSHIP  OF  INERTIAL,  SHIP  AND  BODY  AXIS 
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FIGURE  4:  RELATIONSHI P OF  CABLE  COORDINATES  TO  UPPER 
AND  LOWER  BODY  AXIS  COORDINATES,  (a)  PITCH  PLANE, 

(b)  ROLL  PLANE,  (c)  YAW  PLANE 
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TOWING  CABLE  SHAPE,  UNCONTROLLED  BODY 
CABLE  LENGTH  = 480  FEET 

PORT  TURN 


IDENTIFICATION  TABLE 


CURVE 

TOW  SPEED 

TURN  RADIUS 

SIDE  ACCEL. 

A 

45  KNOTS 

400  YARDS 

0.136  G 

B 

40  KNOTS 

350  YARDS 

0.135  G 

C 

35  KNOTS 

200  YARDS 

0.129  G 

D 

25  KNOTS 

150  YARDS 

0.123  G 

STARBOARD 
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REAR 
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FIGURE  5:  TOWING  CABLE  SHAPE,  UNCONTROLLED  BODY 
CABLE  LENGTH  • 480  FEET 
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TOWING  CABLE  SHAPE,  CONTROLLED  BODY 
PLAN  CABLE  LENGTH  = 480  FEET 
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FIGURE  6:  TOWING  CABLE  SHAPE,  CONTROLLED  BODY 

CABLE  LENGTH  = 480  FT. 
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STABILITY  CRITERIA  FOR  FAIRED  CABLE 


by  Arthur  R.  Lagasse 
I-iechanical  Engineer 
Naval  Underwater  Weapons  Research 
and  Engineering  Station 
Newport,  Rhode  Island 


ABSTRACT 

The  performance  of  cables  under  towing  conditions  in  water  has  been  the  subject  of 
many  investigations  in  the  past.  Theories  have  been  developed  which  attempt  to 
predict  the  stability  of  the  cable.  These  theories  are,  however,  inadeqxmte  when 
the  cable  is  faired  or  hydrodynamically  shaped,  or  are  of  such  a nature  as  to  be 
too  cmbersome  to  handle.  A set  of  equations  have  been  developed  in  this  paper 
which  predict  the  necessary  criteria  for  the  stable  operation  of  a continuous 
faired  cable  in  a tethered  system. 


INTRODUCTION 


One  of  the  major  problems  in  anti-submarine  warfare  is  that  of  detecting  and  main- 
taining contact  with  a submerged  submarine.  A tethered*  sonar  system  discussed  by 
Lagasse^**  might  be  used  for  this  purpose. 

The  success  of  the  tethered  system  for  deep  depth  operation  depends  largely  on  the 
use  of  a faired  or  hydrodynamically  shaped  cable.  Of  primary  concern  is  the  per- 
formance of  the  cable.  Thus  it  is  the  purpose  of  this  paper  to  present  the  theory 
which  is  necessary  for  the  successful  prediction  of  cable  stability. 


STATEI4ENT  OF  THE  PROBLEM 


The  problem  of  the  stability  of  an  airfoil-shaped  cable  towed  at  both  ends,  if 
tackled  from  a completely  general  standpoint,  would  certainly  be  an  extremely  cum- 
bersome problem.  Investigations  of  the  past  have  mostly  involved  roimd  cables  and 
were  not  derived  to  predict  the  necessary  criteria  for  the  stability  of  faired 
cable.  Thus  it  will  be  the  objective  of  this  paper  to  detemlne  applicable  stabil- 
ity criteria.  The  following  assvnnptions  will  be  made  in  the  stability  analysis: 


♦Tethered  system  in  this  paper  means  a system  using  transmitted  electric  power  to  a 
submerged  sonar  vehicle  to  operate  the  sonar  and  to  propel  both  the  vehicle  and  tow 
the  lower  half  of  a connecting  cable. 

♦♦Superior  numbers  refer  to  similarly-numbered  references  at  the  end  of  this  paper. 
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1.  All  situations  of  the  cable  crossing  over  itself  or  looping  around  itself 
will  not  be  peinitted. 

2.  Three  force  centers  will  be  considered  important  and  defined  in  the 
equations : 

a.  Center  of  pressure  - the  point  where  the  resultant  hydrodynamic  force 
due  to  lift  and  drag  intersects  the  chord  line. 

b.  Center  of  tension  - the  point  where  the  resultant  force  produced  by 
both  a uniform  axial  strain  in  the  cable  and  a bending  strain  in  the  cable  inter- 
sects the  chord  line. 

c.  Center  of  gravity  (or  mass)  - the  point  where  tlie  resultant  of  the 
weights  of  the  component  particles  intersects  the  chord  line. 

3.  Rotation  being  considered  here  refers  only  to  that  which  takes  place  about 
any  axis  parallel  to  the  z'-axis  of  fig'ure  1. 

4.  The  airfoil-shaped  cable  is  symmetric  about  its  longitudinal  axis  (the 
chord)  so  that  the  three  force  centers  lie  on  the  chord  line. 

5.  The  faired  cable  has  a 3»0  inch  chord  v/ith  a maximum  thickness  of  0.54 
inches  (MCA  63^  - OI8)  and  consists  of  the  following  materials; 

a.  The  fairing  up  to  35/J  chord  consists  of  a fiberglass  strength  member 
with  a specific  gravity  of  3*5  nnd  a modulus  of  elasticity  of  6(10)^  pounds  per 
sq\iare  inch;  the  remaining  portion  consists  of  a material  that  carries  no  load  and 
has  a specific  gravity  of  0.5.  'Ihis  aft  portion  has  a modulus  of  elasticity  much 
less  than  that  of  the  fiberglass  strength  member,  thus  offering  no  resistance  to 
tension  or  twist. 


STABILITY  AUALYSIS 


General  Equations  of  Motion 

A body  moving  in  a fluid  often  moves  in  all  six  degrees  of  freedom  of  motion,  i.e., 
translation  along  three  orthogonal  axes  and  rotation  about  each  of  the  three  axes. 
Thus  in  deriving  equations  of  motion  it  is  necessar;y  to  choose  an  axis  system  that 
will  define  these  motion  freedoms  and  also  conveniently  lend  itself  to  the  develop- 
ment of  a motion  analysis.  The  Gociety  of  Ilaval  Architects  and  I'larine  i'lnglneers2 
describe  a set  of  equations  which  apply  to  a body's  motion  in  the  six  degrees  of 
freedom  if  the  body  has  a plane  of  symmetry  and  if  a rectangular  coordinate  system 
is  chosen  so  as  to  move  with  the  body.  Tlie  axes  of  the  moving  coordinate  system 
are  called  the  body  axes.  Thus  if  the  bod^'  axes  x,  y,  z,  coincide  ^vLth  the  prin- 
cipal axes  of  inertia,  and  the  zx  - pl.ane  is  the  principal  plane  of  symmetry 
(Fig.  2),  the  following  eqxrations  arc  obtained: 

= m ^ + qw  - rv  - Xg  (q2  + r^)  + y^  (pq 

Fy  = m [y  + ru  - pw  - yg  (r^  + p2)  + (qr 

F^  = m + pv  - qu  - Zg  (p^  + q^)  + x^  (rp 
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- r)  + Zg  (pr  + 

- p)  + X (qp  + f-l] 

- q)  + y,.  (rq  + f>]l 

u 


(1) 

(2) 

(3) 


K 


" ^ qr  + m jTg  (w  + pv  - qu)  - Zg  (v  + ru  - wp^  (4) 

M = ly  q + (:"x"Iz)  rp  + m [ Zg  (u  + qw  - rv)  - Xg  (v  + pv  - qu)]  (5) 

H = Iz  r + (ly-Ix)  pq  + m [ Xg  (v  + ru  - pw)  - jTg  (u  + qw  - rvj]  (6) 

where  and  Fz  are  the  force  components  along  the  x,  y,  and  z axes  respec- 

tively; K,  H,  and  N are  the  moment  components  about  these  axes  respectively;  u,  v, 
and  w are  the  congjonents  of  velocity  along  these  axes  respectively;  p,  q,  and  r are 
the  con^jonents  of  angular  velocity  about  these  axes  respectively;  I , and  I 
are  the  moments  of  Inertia  about  these  axes  respectively;  x_,  y , and  z^  are  the 
components  of  the  location  of  the  center  of  gravity  from  the  origin;  m is  the  mass 
of  the  body;  and  the  dot  above  the  letter  symbol  designates  the  derivative  with 
respect  to  time.  These  equations  are  available  in  numerous  textbooks  and  have  been 
derived  by  Abkowitz^  as  well  as  by  other  investigators. 

Application  of  Equations  of  ttotion  to  Cable  Section 

So  that  the  results  derived  will  be  applicable  for  all  sections  of  the  cable,  an 
artiitrary  cross  section  designated  with  the  variable  subscript  "i"  will  be  taken, 
and  the  forces  will  be  investigated  on  this  section.  The  cross-sectional  area  of 
the  cable  to  be  investigated  is  that  obtained  if  a plane  parallel  to  the  x'y'  - 
plane  of  Fig.  1 were  to  cut  the  cable.  Fig.  2 is  a sketch  of  the  cross  section  "i" 
with  the  centers  and  forces  acting  at  the  centers  indicated. 

The  stem  of  the  propelled  vehicle  lies  at  the  origin  of  the  x*  and  y'  axis.  The 
position  of  the  force  centers  along  the  axis  of  symmetry  (the  chord)  was  chosen 
with  complete  generality;  since  1^  aind  h^  could  become  negative,  shifting  the  rela- 
tive positions  of  the  centers. 

For  this  case,  in  order  to  be  consistent  with  the  standard  hydrodynamic  nomen- 
clature^, "r",  which  was  previously  defined  as  the  angular  velocity  about  the  z' 
axis,  is  equal  to  vj;  where  the  dot  above  the  letter  symbol  designates  the  deriva- 
tive with  respect  to  time.  For  this  study  the  motion  will  be  restricted  to  the 
horizontal  plane  without  rolling,  i.e.,  (q=p=q=p=w=w=  o).  This  restric- 
tion for  the  cable  system  thus  results  in  considering  only  the  side  and  forward 
velocity  components  and  rotation  about  the  z',  or  depth  axis.  In  addition,  the 


origin  of  the  moving  coordinate  system  will  be  placed  at  the  center  of  gravity  of 


the  faired  cable,  thus  making  x„,  y , and  z„  = o. 
become : ^ 

The  equations  (l)  to  (6)  now 

Fx  = m 

[ ;-rv] 

(7) 

Fy  = m 1 

[ 1 - ru] 

(8) 

N = I^  ’r 

(9) 

Forces  in  an  Ideal  Fluid 

The  kinetic  energy,  S,  for  an  ideal  fliild  in  the  fluid  medium  surrounding  the 
moving  body  is  presented  in  Lamb^  as : 
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2S  = Gj_  + G2  + G3  V;^  + 2Gi^  w + 2Gj  vru  + 2Gg  uv  + Gy  + Gq 
+ G^  + 2G^q  qr  + 20^i  rp  + 203^3  + 2 p (0^3  u + v + Gj_^  w) 

+ 2 q (G^5  u + G]_y  V + Gj^0  w ) + 2 r (G]_^  u + G2Q  v + G2]^  w)  (lO) 

which  is  a general  quadratic  function  of  the  velocity  components  u,  v,  v,  p,  q, 
and  r.  If  the  motion  is  restricted  as  hefore,  the  above  equation  reduces  to: 

2S  = Gj_  u^  + G2  + 2Gg  uv  + G^  r + 2G^^  ru  + 2G^q  rv 


Since  the  faired  cable  is  airfoil-shaped,  it  is  symmetric  about  its  longitudinal 
axis  (the  chord).  Therefore  the  kinetic  energy  must  be  the  same  when  r = o, 
whether  v is  positive  or  negative  for  a given  magnitude  of  v,  thus  making  Gg  = 0. 
Similarly,  because  of  symmetry,  when  v = 0,  the  kinetic  energy  ■vrill  be  the  same 
for  a positive  or  negative  r;  therefore  G^^^  = 0.  Thus  S can  be  expressed  as: 

2S  = Gj^  u^  + G2  v^  + G^  r^  + 2G20  ^ (H) 

Further, #iom  Lamb^  the  forces  on  the  cable  section  in  an  ideal  fluid  under  the 
above  conditions  are: 


^x  ^ I ^ ^ TTv 

= - A f ±s1  - r 
dt  L avJ  8u 

= r ^ IS  . ^ ^ 

37  L S ^ J 5 u d V 


Carrying  out  these  derivatives,  equations  (12)  to  (l4)  become: 


^x  " ^1  ^ °2  ^ ^20  ^ 

Fy  = - G2  V - G20  r - G^r  u 

N = - G^  r - GgQ  v + G^uv-G2UV 


G20  u r 


By  definition,  an  ideal  fluid  has  mass  but  no  viscosity.  Since  a real  fluid  has 
mass  and  viscosity,  the  mass  forces  of  an  ideal  fluid  can  be  assigned  to  the  real 
fluid,  and  viscous  effects  can  be  accounted  for  separately,  superimposing  the  two 
for  a complete  solution.  The  forces  due  to  acceleration  are  mass  forces;  thus  for 
the  real  fluid  the  following  derivatives  are  obtained: 

From  equations  (15)>  (I6),  and  (l?)> 


^ = - G. 
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Therefore,  represents  the  fluid  virtual  mass  for  longitudinal  acceleration,  i.e., 
parallel  to  the  chord  of  the  cable.  It  can  be  seen  that  G2  represents  the  flixid 
virtual  mass  for  lateral  acceleration,  i.e,,  perpendiciilar  to  the  chord  of  the 
faired  cable  and  that  Gg  represents  the  virtual  moment  of  inertia  of  the  fluid. 

Also  the  coefficient  G2Q  represents  the  moment  of  the  fluid  virtual  mass  for  lateral 
acceleration. 


Combining  equations  (7)  to  (9)  and  equations  (15)  to  (l?)  and  superimposing  these 
inertia  forces  with  the  viscous  forces,  where  the  viscous  forces  are  designated  by 
the  symbol  the  equations  of  motion  become; 


(m  + Gq^)  u = {V)  + (m  + G2)rv  + G20 

(m  + G2)  V = F (t/)  - (m  + G^)  ru  - G2Q  r 

O' 

(I2  + 05)  ^ = N (1/)  - G20  (v  + r u)  - (G2  - Gi)  u V 


(18) 

(19) 

(20) 


Derivation  of  Lift,  Drag,  and  Tension  Forces 

The  lift,  drag,  and  tension  forces,  indicated  in  Fig.  2,  will  now  be  defined  and 
written  as  functions  of  v,  u,  and  TSi  , the  important  independent 
variables.  First,  the  tension  components  Txi  and  will  be  defined.  Vertical 
lines  were  drawn  intersecting  the  faired  cable  at  each  of  the  cross  sections,  as 
indicated  in  Fig.  3« 


Then  the  angle  between  the  vertical  and  the  length  element  ^si  at  the  1^^  cross- 
section  was  designated  Tfi  • In  addition,  the  angles  that  the  projection  of  dgj^  on 
the  Xi  ' - plane  makes  with  the  x^'  and  axes  were  designated  respectively 

( ) and  (H  -Pi)^  as  indicated  in  Fig.  k.  Then  can  be  expressed  as: 


Txi  ^ + 1/2)  = T(i  + 1)  sin  (^(i 

and  Ty^  by: 

^yi  ^ ^y(i  + 1/2)  ^ + 1)  ^ ^(i 


+ 1))  cos  (^(^  ^ ^j)  - (T^)  sinj(,  coF.^^ 
t 1)^  """  ^P(i  +1)^  " 3in^,sin^^ 


These  tension  components  act  at  the  center  of  tension  as  previously  defined. 

The  drag  force  ^vill  act  opposite  to  the  direction  of  motion  and  will  have  a magni- 
tude equal  to  Dj^  = DQj_  \7here  Dqj^  = a drag  constant;  = effective  velocity 

of  the  water  past  the  airfoil  shape  = 1 ^i  ~ coeffi- 

cient. The  drag  coefficient  can  be  approximated  for  an  angle  or  attack  varying 
from  0 to  i 18  degrees  by  defining  an  eqmtion  for  the  curve  of  experimental  data 
for  an  II.A.C.A.  OOI8  airfoil  published  by  the  IJ.A.C.A. This  curve  can  be  defined 
by  a parabola  of  the  following  form;  ^ where  fi  is  the  angle  of 

attack  in  radians  and  = 1.07  and  K2  = 0.01.  From  Fig.  2,  'fi  is  just  (y^.  "y^i) 

and  in  tom is  given  by  tan~I  ( “)  • Therefore,  the  drag  can  be  written  as; 

- Doi  [ (v^i-  tan-1  (1))^  ^ 
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or  letting  ^ =•  a O.OO93  and  Dq^  = 

h 

Di  = Dii  [ (VV;  - tan-^  + K3^  (u^  + v^) 

The  lift  force  vill  act  perpendicular  to  the  drag  force  D.  and  can  be  expressed  in 
a manner  similar  to  D^.  The  result  is;  ^ 

^ y;  - tan"^  (s)  (u^  + v^) 

The  differential  equation  describing  the  cross-section’s  motion  under  the  actlm 
of  the  above  forces  can  now  be  written. 

Summing  forces  in  the  x-direction; 

“ ^-Xi 

Summing  forces  in  the  y-direction; 

Fy  = -ly^  + + Ty^  (22) 

Taking  moments  about  the  center  of  gravity  of  the  faired  cable; 

W = T_x^  1^  sin  >4;;  + Tyj^  1^  cos  - Id  cos  Ij^  sin  (23) 

where  from  Fig.  2: 

Ljci  = k sin^;  L_y.  = Li  cos^i 

Dj^  = Di  co^.  Dyi  = D i sin^i/C^ 

Rewriting  equations  (21)  to  (23)  using  the  e;q)ressions  previously  derived  for  the 
lift  and  drag  and  utilizing  various  trigonometric  substitutions  results  in  the 
following : 

Equation  (21)  becomes: 

^x  = ^-Xi  ^li  [ ( 

+ Lii  [ - tan’l  (^)~J  (v2  + u2)^/2  v (24) 

Equation  (22)  becomes: 

= V ^ ^ J (v2  + u2)^/2  ^ 

- L^i  'V;  - tan"^  (^)  J (v^  + u^)^/^  u (25) 

Equation  (23)  becomes: 

N = T_^i  li  Sin  VV.  + Tyi  li  cos  4/. 

- - tan"^  (^)  )^  + + u^)^/^  hi  (+  u sinv|/.  - v cos 

- L^i  [ - tan"^  (^)J  (v^  + hi  (+  u cos  4#;  + v sin  vy.)  (26) 
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-M-  ^ 


I 


Complete  Equations  of  Motion  for  a Faired  Cable  Section 

Along  with  superimposing  the  viscous  force,  namely  the  drag  term,  on  equations  (16) 
to  (20),  the  tension  and  li^t  forces  that  were  just  described  in  the  previous  sec- 
tion must  also  be  si;q)erimposed  to  con^letely  describe  the  cable  forces.  Doing  this, 
eqviations  (I8)  to  (20)  become: 

(m  + G^)  u = - T_xi  + [ ( M';  - tan"^  (^)  ')^  ^ J u 


^ - tan"^  (^)J  (v^  + v + (m  + G2)  r v + G20 

(m  + Gg)  V = + + °li[('^i  " ^ V 

~\±  [ 'Vi  - tan"^  (J)j  (v^  + u - (m  + G^)  r u - Ggo  r 

(I^  + G5)  r = T_^  1^  sin  VV-  + 1^  cos  v*/j 

-I>Li  ^ i^)Y  + (v^  + h^  (+u  sin  vV^-  - v cos  VV;  ) 

-L^i  ^ y,;  - tan“^  (^)  ^ (v^  + h^  (-:•  u cos  + v sin  VV>^-  ) 


(27) 


(28) 


- G20  + r u)  - (G2  - G^)  u V 

Evaluation  of  Equations  of  Motion  for  Stability 


(29) 


At  this  point  in  the  analysis  assuitptions  will  be  made  to  simplify  the  equations  and 
thus  get  a quaJ.itative  look  at  the  stability  problem.  Assxime  that  the  towing  velo- 
city u is  much  larger  than  the  velocity  which  acts  90°  to  u,  that  is  v,  and  that 
the  variations  in  cable  vj/.  -orientations  are  less  than  0.5  radians. 


Therefore 
2 


(v'"  + u^)^/^  u 
sin  «4>- 

cos  a:  1.0 


tan-1  (J)  *:  ^ 


Equation  (27)  becomes: 
(m  + G^)  u = - T.^  + 

[(M-.  - 

^■'3'] 

2 2 
u + r 

20 

(30) 

1 

i 

i 

Equation  (28)  becomes: 

(m  + G2)  V = + Tyi  - [ 

J u^  - (m  + G^)  ru  - GgQ  r 

(31) 

< 

j 

j 

< 

\ 

Equation  (29)  becomes: 

(I^  t (5,)  r = ljV4,. 

^ V 

- Ill  [ V;  -5 

1 ^ - °20  ^ 

(32) 

1 

i 

1 

1 

i:' 
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Rewriting  equation  (32)  as  a solution  for  v: 

,2 


u 

• 

VU  + 

LiihiU 

^-v ' 

s 

"6 

^ -"8 

LijhjU  _ T-xj Ij 

Hi  \ 


= V 


(33) 


Differentiating  equation  (33)  with  respect  to  time  amd  substituting  for  v and  v in- 
to eqxiation  (31) 


[f  ••  • • 0 p • 

K5  q/.  + iCj,  J = + Tyi-Li  u q;.  -(m-K^)  ^iu- 

u (+  + Kg  q;.  +K^H'l  - %) 


G20'4^.- 


Rearranging  terms  and  substituting  new  constants,  K^,  K-j^q,  and  for  various 

groiips  of  constants  results  in: 

Ci;.  + K^O  +K^l4^i  +K12  =0  (34) 

The  particular  solution  of  the  linear,  non-homogencous  equation  above  is: 


= - ^12 


K- 


11 


Which  reduces  to; 

= ^ 
"xl 


T 


[s-J 


(35) 


Eqmtion  (35)  is  the  steady  state  solution  to  equation  (34).  The  con5)lementary 
solution  of  the  equa^tion  will  now  be  foiuid.  Then  the  complementary  solution  and 
the  particular  solution  of  eq\iation  (34)  can  be  combined  to  arrive  at  the  general 
solution.  The  con^jlementary  solution  can  be  found  by  solving  the  following 
homogeneous  equation: 


+K;lo  * Hi 


(36) 


Equation  (36)  will  be  evaluated  for  dynamic  stability.  Using  Routh's  stability 
criteria  equation  (3^)  becomes 


t)3  j.  V-  v>2 

where  b is  a coD5)lex  nvonber 


+ — 0 


(37) 


From  Routh's  rules  the  con?)lete  criterion  for  stability  of  equation  (37)  is  that 
K^,  K^q,  and  are  positive  and  that 


Kg  = ^ (m+Gp)  + Ggo  + Lll  u Kg  ^ G2£iii  ^_G2QLlihi^ 

^ (m+Gg)  K5  Iz+Gg  (m+^TTV^) 


+ ^.U.^ 

in+Go 


(38) 
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(39) 


K. 


10 


Ky  (m+G2)  (”+Gl)  ^ + I'll  ^ ^ 

(111+G2) 


This  reduces  to: 

- '^xl  Ij  + ^li  020  > 0 

I2  + Gg  (m+G2)(l2+G9) 

K, , = yt-J^  ■-,  L.li  u-  = Ij  Iqj  u y q 

K5  (m+G2)(lz+G^) 


m+Gi 

m+G_ 


+ M 


Lll  hj  u‘ 

I2  + G5 


) 


(40) 


which  in  tiom  states  that  1^^  must  be  negative  for  stability,  i.e.,  the  center  of 
tension  must  be  forward  of  the  center  of  gravity  on  the  chord  of  the  airfoil- 
shaped cable  section.  The  remaining  criteria,  K K,„>  K-.,,  yields  no  meaning 
information.  ^ 

Examining  the  coefficients  by  Routh's  criteria  as  above  results  only  in  stating 
that  1^  must  be  negative,  giving  no  resxilt  as  to  the  sign  of  h. . At  this  point  the 
assumption  that  hj^  is  also  negative  will  be  made,  and  the  coefficients  will  be 
evaluated  numerically  to  see  if  this  results  in  any  new  conclusions. 

The  following  values  will  be  assigned  to  the  coefficients: 

1^  = = - 1.0  in  = -0.0833  ^ 

Tx  = Tyi  = 1.5  Ibf/ft  (due  to  the  displacement  of  the  cable  from  eq\iilibrium  in 

operation) 

I2  = 56.4(10)"^  slug-ft^/ft 
m = 0.0279  slugs/ft 

Gg  = 160(10)"^  slug-ft^/ft  I 

= 0.00268  slugs/ft  / 

G2  = 0.0983  slugs/ft  3 

Du  . Itel  Ki  • (1/2  f Ag)  Ki  - 

Ki  ’ I'd  14  = (1/2  f Aj)  . 

u • 36  ft/sec  = constant 

^20  “ ( G2 )( distance  between  origin  of  coordinate  system,  CG,  and  the  point  where 
the  virtual  mass  for  lateral  acce;.^ration  acts) 

G20  = (0.0983 )( .240/12)  (ass\jmlng  the  CG  is  at  5^^  of  the  chord  and  the  virtual 

mass  acts  at  50^  chord) 

G20  = 2.0(10)“^  sliags-ft/ft 

The  coefficients  and  temns  needed  in  the  equations  for  a stability  analysis  are  now 
all  defined. 


Wendel^ 

(l.94/2)(3.0/l2)(l.07)  = 0.261  slugs/ft^ 
(1.94/2)(3.0/12)(4.0)  = 0.970  slugs/ft2 
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From  eqiiatlon  (38):  = 388  ^ 0 

This  criterion  is  satisfied  if  hjj^  if  negative;  however,  it  can  be  shown  that  it 
still  would  be  satisfied  if  hj^  was  positive. 

From  equation  (39): 


%0  “ 


m+Gi  ^ 

Lii  hi  u2 

m+Gg 

1 

M 

N 

+ 

L_ 

^xi  Ij  Lii  u^  Ggp  ^ 

(“1+G2)(Iz+G9) 


-566(10)3  + 0.58(10)3  + io6(io)3  > 0 
= - 460(10)3  0 


It  appears  from  this  coefficient  that  we  cannot  expect  to  have  stability  if  hj^  is 
negative.  However,  this  is  not  true  if  the  value  that  was  originally  assigned  to 
hi  is  changed.  The  second  term  of  the  coefficient  K^q,  i.e.,  Tx^  1^  will 

always  be  positive  as  long  as  1^  is  negative.  The  sign  of  the  first  term  of  the 
coefficient  K]_o  depends  on  the  sign  of  h^,  and  if  h^  is  negative  the  entire  term 
will  be  negative.  The  third  term  of  the  coefficient  1C  will  always  be  positive. 
Thus  if  the  third  term  was  of  such  a magnitude  as  to  cancel  the  negative  first 
term,  the  entire  coefficient  ICq  would  be  positive.  Since  G20  is  dependent  on  the 
position  of  the  CG  also,  we  must  consider  its  change  in  determining  the  position 
of  the  CG  that  will  make  the  two  terms  cancel  out.  If  hj^  equaled  -0,0225  or 
-0.27  in,  the  first  and  third  term  of  the  coefficient  Kio  would  cancel  out,  thus 
making  K^q  positive. 

From  the  relation  : 

(388)(-46o)lo3  > . i'xi  (ij)  I-li  ^ 

(m4G2)  (I2+G9) 

-1780  (10)5  1.60(10)5 

To  satisfy  this  criterion  h^  must  be  as  previously  defined  since  this  would  make 
Kio  positive. 

From  the  preceding  stability  analysis  of  the  con^jlementary,  or  transient,  solution 
of  equation  (34),  it  can  be  concluded  that  if  Ij^  is  negative  and  hj^  is  positive  the 
system  will  be  stable.  Also,  if  hj[  is  a relatively  small  negative  number,  stabil- 
ity should  still  be  achieved.  When  this  transient  solution  is  combined  with  the 
steady-state  solution,  the  result  indicates  that  upon  reaching  stability  the  cable 
will  not  be  oriented  parallel  to  the  flow  unless  Tyj^  is  zero,  or  Ij^  and  h^^  are  of 
the  same  sign  and  equal.  Since  the  cable  has  a 3*0  inch  chord,  0.27  inches  is  9 
percent  of  the  chord  length.  As  will  be  shown  later,  the  center  of  pressvire  of  the 
faired  cable  is  approximately  at  25?o  of  the  chord  length,  thus  making  it  entirely 
possible  to  have  1^  and  h^^  of  equal  magnitude  and  the  same  sign,  thus  satisfying 
both  the  steady-state  and  transient  solutions.  However,  this  would  not  be  advis- 
able since  it  would  be  a very  marginal  operating  condition.  Ty  will  be  zero  if 
the  cable  streams  out  directly  in  back  of  the  towing  vehicles.  ^This  situation  will 
arise  when  the  cable  is  operating  in  a stable  manner,  and  for  this  reason  it  would 
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seem  more  advisable  to  haAre  hj|^  positive  or  at  worst  an  extremely  small  negative 
number.  However,  it  should  be  noted  that  this  conclusion  is  based  on  the  elimina- 
tion of  many  terms  in  the  original  equations.  From  the  simplified  analysis  just 
presented,  it  can  be  concluded  that  for  stability  the  center  of  tension  must  be 
forward  of  the  center  of  gravity  and  that  both  of  these  centers  must  be  forward  of 
the  center  of  pressirre.  This  is  illustrated  in  Fig.  5* 


METHODS  FOR  THE  DETERMINATION  OF  THE  FORCE  CENTERS 


Equation  Defining  Airfoil  Shape 

At  this  point  in  the  investigation  it  was  decided  that  a method  should  be  selected 
which  can  be  applied  to  the  determination  of  the  force  centers  for  the  faired  ^pe 
Aonder  consideration.  The  first  step  was  to  determine  an  algebraic  equation  approx- 
imating the  perimeter  of  the  faired  cross  section.  The  shape  used  was  that  for  an 
NACA  63  -018  airfoil  A-^hich  is  presented  in  an  NACA  report"^.  The  first  6o^  of  the 
airfoil"^ (from  the  leading  edge)  can  be  approximated  with  an  error  of  only  +3,  % by 
an  elliptical  eqmtion  of  the  form 


x^ 


t4  = 


where  x = 0 at  35/^  chord 


The  ait  405'j  of  the  shape  can  be  closely  approximated  by  a straight  line  of  the  form 

y = -0.i63(x-25)  +6.5  Adhere  x ■ 0 at  35^/^  chord 

These  equations  can  then  be  translated  so  that  the  variables  x and  y originate  at 
the  leading  edge  of  the  airfoil.  Let: 

X + 35  = 0 and  y = /i^ 

After  manlpvLLating  the  equations,  the  folloAfing  form  results: 


as  0.257  (70  0 - 


0 i 0 6:  60 


/K|  2 a#  6.5  - 0.163  (0  - 60)  60  0 ^ 100  (42) 

Equations  (4l)  and  (42)  can  completely  describe  the  perimeter  of  the  airfoil  shape. 
Center  of  Twist  Calculation 

The  center  of  twist,  sometimes  called  the  center  of  flexure,  is  that  point  on  the 
foil  at  Arhich  the  application  of  a concentrated  vertical  force  causes  only  (as  dPy 
is  illustrated  in  Fig.  6)  a -vertical  displacement  without  rotation  or  tvd.sting,  as 
defined  by  Timoshenko”.  It  should  be  noted  that  this  center  was  not  considered  in 
the  stability  equations.  This  Avas  done  because  the  torsional  resistance  of  the 
cable  compared  to-the  moment  of  the  tension  fbrces  taken  about  the  center  of  gravity 
and  acting  in  the  plane  of  the  cross  section  of  the  cable  was  believed  negligible. 
For  this  reason  the  center  of  tension  A;as  considered  much  more  in^ortant  for  sta- 
bility purposes  than  the  center  of  tArlst.  HoAvever,  the  center  of  tATist  was  foAind  -to 
determine  its  location  on  the  faired  cable  configuration.  TTie  procedure  used  is 
presented  below. 
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The  center  of  twist  can  be  found  by  assuming  a constant  deflection  along  the 
strength  member  of  the  faired  section  in  the  - plane.  The  cross  section  /*\d0 
cam  be  assumed  to  be  the  end  of  a beam  whose  deflection  under  a force  (IFy  is  given 
by: 


0ft 


3 E Ix 

where : 

^ = constant  deflection 
B = constant  length 
E = modulus  of  elasticity 

= moment  of  Inertia  about  the  0 - axis. 


assuming  unifom  density  in  ihs  d 0 area 


12 


By  appropriate  manipulation  the  center  of  twist  (CTT)  can  then  be  defined  as: 


CTT 


J 


3S 


X 


If 


0^ 


35 


.X 

0‘ 


o J0  (70  0-0^)^/^  d0  (43) 

700-02) 3/2  ^0 


Upon  evaluation  of  the  above  integrals,  the  center  of  twist,  CTT,  is  fo\md  to  be 
23.1^0  of  the  chord  length  of  the  faired  shape. 


Center  of  Tension  Calculation 


A method  for  the  computation  of  the  center  of  tension  \ri.ll  now  be  determined,  ifeain, 
the  assioir^ition  vrill  be  made  that  the  strength  member  extends  to  35/j  of  the  chord, 
and  that  from  35‘j  to  lOO^a  the  fairing  carries  no  load.  The  strain  on  the  strength 
member  will  be  assumed  imiform  with  a force  which  acts  perpendicular  to  the  0/»(  - 
pleune  as  illustrated  in  Fig.  J.  (The  effect  of  bending  on  the  CT  will  be  computed 
later  and  superimposed  on  the  follovrLng  calculation. ) 


= 0-'  (d  A0) 


or  dFj  = 0^  (2/t^)  d 0 
Modulus  of  elasticity  E 


_ stress 
strain 


where  dF 

0^ 


= force  JL  to  the 
= stress 


-plane 


= area 


0~ 

T 


Thus 


dF^  = E 6 (2/»|)  d 0 


where  €.  = constant 
E constant 
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Therefore, the  center  of  tension  (CT. ) can  be  defined  as; 


•35 


CTa  = 


_ o 


S 0dF,r 


(TO?i 

« - jZi^)V2d  f 


Using  the  integral  tables  again  the  integrals  of  equation  (44)  can  be  evalmted  in 
a manner  similar  to  that  used  for  computing  the  center  of  ttfist.  The  result  is 
that  the  center  of  tension  is  at  20.2^  of  the  chord  length  with  a uniform  axial 
strain.  However,  the  effect  of  the  radius  of  cvirvatiire  on  the  CT  must  now  be  con- 
sidered. Its  effect  can  be  determined  by  computing  the  center  of  tension  of  the 
faired  cable  under  a bending  condition.  This  was  done  by  making  use  of  the  foUowlng 
knoTO  bending  strain  relationship,  illustrated  in  Fig.  8.  In  this  bending  situatjcn 
there  is  a compression  force  and  a tension  force  in  the  cable.  Thus  it  was  neces- 
sary to  deteimine  the  magnitude  of  these  forces  and  to  locate  the  point  where  the 
r'.sultant  of  the  tension  force  and  the  point  where  the  resultant  of  the  con5>ression 
force  acted. 


The  same  assun5>tions  will  be  used  as  before  except  for  the  case  of  uniform  strain. 
The  first  step  is  to  determine  the  neutral  axis.  Since  it  was  assumed  that  the 
strength  member  consisted  of  an  area  iqj  to  35/^  of  the  chord  length,  the  point  must 
be  found  at  which  there  is  no  net  force,  which  is  in  effect  the  neutral  axis.  This 
is  illustrated  in  Fig.  9» 

Force  of  compression  = Force  of  tension 
i.e.,  d = d W2 


(2/^)  d 0 


constants ; 


0 (700  - 0 


The  neutral  axis  can  then  be  determined  by  a trial  and  error  procedure.  For  a 2000 
ft  operational  case  it  was  found  to  be  at  26.2^  chord,  assuming  that  the  fiberglass 
has  the  same  properties  in  tension  and  in  coD5>ression.  The  center  of  cor^jression 
for  bending  for  the  area  between  the  leading  edge  of  the  airfoil  and  the  neutral 
axis  can  be  found  as  follows: 


Simi:j.arly,  the  center  of  tension  for  bending  can  be  found  for  the  area  between  the 
26.2^t  chord  to  the  35^  chord.  The  next  step  was  to  investigate  the  relationship 
between  the  pure  bending  forces  and  the  pure  tension  forces  and  to  combine  their 
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effect  to  find  the  overall  center  of  tension  for  the  supposed  2000  ft  operational 
case.  Tlie  forces  are  illustrated  schematically  in  Pig.  10. 

The  tension  and  comiDression  forces  for  bending  are  equivalent  and  can  be  fo\and  as 
previously  illustrated.  For  the  2000  ft  case  they  were  found  to  be  33.4  lbs 
(assuming  a three  inch  airfoil  chord  length)  con^jared  to  the  pure  tension  force  of 
27,800  lbs.  Since  the  location  of  each  of  the  resultant  forces  is  known,  the 
center  of  tension  for  this  case  can  be  fovind  by  sin^jly  summing  moments  about  the 
leading  edge  of  the  airfoil, 

27,0OO  CT  s 27,800  (20.2)  + 33.4(31.2)  - 33.4(17.75) 

CT  = 20.2^  chord  length 

How  the  assvui^tion  id.ll  be  made  that  the  system  is  operating  with  a 35  ft  distance 
between  the  underwater  vehicle  and  the  surface  ship.  Further,  it  will  be  assumed 
that  the  neutral  axis  of  the  cable  in  this  case  is  the  same  as  that  in  the  2000  ft 
case.  For  the  35  case  the  bending  force  was  found  to  be  I9IO  lbs  and  the  pvire 
tension  force  was  550  lbs.  Therefore: 

550(CT)  = 550(20.2)  + 1910(31.2)  - 1910(17.75) 

CT  = 6'J‘fi  chord  length 
Center  of  Gravity  Calculation 

A method  to  compute  the  center  of  gravity  id.ll  now  be  Illustrated.  Here,  the 
assun5)tion  is  made  that  the  strength  member  again  consists  of  35/o  of  the  chord 
length  and  that  its  specific  gravity  is  3.5^  a figure  commonly  used  for  glass- 
reinforced  resin.  The  aft  portion  of  the  cable  fairing,  which  id.ll  extend  from 
35^  to  100^  of  the  airfoil,  will  be  assumed  to  have  a specific  gravity  of  0.5, 
that  which  is  characteristic  of  buoyant  foam  materials.  The  center  of  gravity  (CG) 
can  then  be  defined  as; 


CG  =■ 


£ 


60 

0 4A. 


. loo 


wo 

dA* 

3S  A 


r.S 


.100 

d A., 


where  = specific  gravity  of  fiberglass 
= specific  gravity  of  foam 

These  integrals  can  be  evaluated  as  before,  which  results  in  a center  of  gravity 
at  26.0^  of  the  chord  length. 

Center  of  Pressure  Determination 

All  that  now  remains  is  to  determine  the  position  of  the  center  of  pressure  (CP). 
From  the  data  presented  in  the  MCA  report^,  it  can  be  seen  that  the  center  of 
pressiire  is  constant  at  approximately  2'y‘i  chord  length  for  an  angle  of  attack 
varying  from  0 to  ll8  degrees.  Thus  25'Jo  of  the  chord  will  be  used  as  the  figure 
for  the  center  of  pressure. 
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One  of  the  most  critical  factors,  as  can  he  seen  from  the  force  center  calculations, 
is  the  effect  that  bending  has  on  the  center  of  tension.  For  the  2000  ft  opera- 
tional case,  the  position  of  the  CT  is  approximately  at  the  best  possible  location; 
but  when  the  cable  is  bent  to  a 35  radius  of  curvature,  the  CT  moves  back  too 
far  to  hope  to  achieve  stability,  Ilo-vrever,  the  system  under  consideration  is 
intended  for  deep  depth  operation,  and  this  effect  can  thus  realistically  be 
ignored, 

A design  which  is  presently  favored  for  the  internal  configuration  of  the  faired 
cable  will  be  presented.  This  design  places  the  force  centers  at  their  proper 
position  and  enables  the  cable  to  transmit  the  reqiiired  amoiant  of  power  down  to 
the  underwater  vehicle  to  perform  its  mission.  The  internal  configuration  with 
the  location  of  the  force  centers  is  presented  in  Fig.  11. 


CONCLUSIONS 


The  equations  of  motion  developed  from  considering  a faired  cable  section  indicate 
that  to  have  stability  it  is  necessary  to  have  the  center  of  tension  forward  of  the 
center  of  gravity  and  both  of  these  force  centers  ahead  of  the  center  of  pressure, . 
if  possible;  however,  the  CG  could  be  slightly  in  back  of  the  CP  and  stability  coiid 
still  be  achieved.  With  this  result  in  mind,  and  considering  the  pov/er  requirements 
of  the  tethered  system,  a faired  cable  was  designed. 


Symbol 

dA 

b 

B 

CG 

CP 

CT 

CT^ 

CTb 

CTT 
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Na-IENCLATUKE 

Definition 

Elemental  area  of  the  faired  cable  cross-sectional  strength 
member  in  the  plane  parallel  to  the  xy  plane. 

Elemental  area  of  the  faired  cable  cross-sectional  flexible 
member  in  the  plane  parallel  to  the  xy  plane. 

A complex  number,  the  real  part  of  which  determines  the  damping 
and  the  imaginary  part  of  which  is  the  natural  frequency. 

Constant  length  from  a fixed  point  to  a cable  cross-section  in 
the  />]  0 plane . 

Drag  coefficient  of  cable  when  oriented  normal  to  flow. 

Center  of  gravity  of  cable  section. 

Center  of  pressxrre  of  cable  section. 

Center  of  tension  of  cable  section. 

Center  of  tension  of  cable  section  for  a uniform  axial  strain  only 
Center  of  tension  of  cable  section  for  bending  only. 

Center  of  twist  of  cable  section. 

Designates  centerline. 


Drag  of  the  cable  section. 

A drag  constant  (l/2 
A drag  constant  (K^  D^) 

The  components  of  drag  acting  in  the  x and  y directions  of  the 
cable  section. 

Modulus  of  elasticity 

Con5>onents  of  the  force  on  the  cable  section  in  the  x,  y,  z 
coordinate  system. 

Element  of  force  parallel  to  tlie  -plane . 

Element  of  force  perpendicular  to  the  -plajne. 

Constants  determined  by  the  form  and  position  of  the  cable  surface 
relative  to  the  coordinate  axes. 

The  distance  between  the  CG  and  the  CP  on  the  cable  section. 
Represents  an  imaginary  mmiber. 


VThen  used  as  a subscript  designates  an  arbitrary  cable  cross- 
section. 

Moments  of  inertia  of  the  cable  section  about  the  x,  y,  z axes 
respectively. 

Moment  component  relative  to  the  x axis. 

A constant  (I.07). 

A constant  (O.Ol). 

A constant  (0.0093). 

A constant  (4.0). 


Definition 


Symbol 


K 


11 


Ki2 


1 


L 

Lo 

h 

m 


M 

iJ 

o,  o' 

P 

q 

r 

ds 

S 

t 


I'vJ  Ty,  T„ 


u 


V 

V 


X 


X' 


(m  + G2) 

^li  ^ “ "^yi 

(m  G2) 

The  distance  between  the  CG  and  the  CP  on  the  cable  section 
Lift  of  the  cable  section, 

Ihc  lift  components  in  the  x and  y directions,  respectively 
A lift  constant  (I/2  ^ Ag). 

A lift  constant  Lq). 

Mass  of  cable  section. 

Moment  component  relative  to  the  y - axis. 

Moment  component  relative  to  the  2 - axis. 

The  origin  of  the  moving  x,  y,  z and  the  fixed  x',  yj  z' 
coordinate  systems,  respectively. 

Angular  velocity  component  about  the  x axis. 

Angular  velocity  component  about  the  y axis. 

Angular  velocity  component  about  the  z axis. 

Length  element  of  the  cable. 

The  kinetic  energy  for  an  ideal  fluid  in  the  fluid  medium 
surrounding  the  cable  section. 

Represents  time. 

Tlie  components  of  tension  acting  in  the  x,  y,  z directions, 
respectively. 

Component  of  the  velocity  along  the  x axis. 

Component  of  the  velocity  along  the  y axis. 

Effective  velocity  of  the  water  past  the  cable  section. 

Component  of  the  velocity  along  the  z axis. 

Total  compression  force  on  cable  when  bent. 

Elemental  force  of  compression  on  cable  when  bent. 

Total  tension  force  on  cable  when  bent. 

Elemental  force  of  tension  on  cable  when  bent. 

Tne  longitudinal  axis  in  a moving  system  directed  from  the 
leading  edge  of  the  cable  section  to  the  trailing  edge, 

'fhe  longitudinal  axis  in  a fixed  coordinate  system. 

Arbitrary  distance  from  neutral  axis  in  a bending  situation 

Radius  of  cur^/aturc. 
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Dofinloion 

Distance  from  neutral  axis  to  the  trailing  edge  of  the  airfoil  in 
the  bending  condition. 

'i’he  x-coordinate  of  the  GG  of  the  cable  section  relative  to  0. 

The  transverse  axis,  directed  to  starboard  and  in  a moving  system. 

The  transverse  axis  in  a fixed  coordinate  system. 

Amoxant  each  fiber  of  length  "y^."  is  changed  by  bending. 

Length  of  each  fiber  in  airfoil  before  being  bent. 

The  y-coordinate  of  the  CG  of  the  cable  section  relative  to  0. 

The  normal  axis,  directed  from  ocean  surface  to  the  ocean  bottom 
and  in  a moving  system. 

The  normal  axis  in  a fixed  coordinate  system. 

The  z-coordinate  of  the  CG  of  the  cable  section  relative  to  0. 


Greek  Symbols 


The  angle  that  the  projection  of  ds  on  the  xy  plane  makes  with 
the  x-axis. 

The  inclination  angle  of  the  cable  section,  i.e.,  the  angle 
measured  counterclock\/ise  from  the  direction  of  motion  to  the 
element  of  cable  considered. 

Strain. 

Corresponds  to  the  y-axis,  results  from  a shift  in  origin. 

Refers  to  -coordinate  for  the  first  0',»  to  60^  of  the  airfoil 
chord  starting  from  the  leading  edge. 

Refers  to  the  /*\  -coordinate  for  Sofii  to  lOOfj  of  the  airfoil  chord 
starting  from  the  leading  edge. 

Deflection  produced  by  a force  parallel  to  the  ^ 0 plane . 

The  angle  produced  by  u and  v. 

Represents  the  viscous  forces. 

Tne  angle  of  attack  of  the  cable  section  ( 'f'  - ^ ) . 

Density  of  sea  water. 

Specific  gravity  of  fiberglass. 

Specific  gravity  of  foam. 

Stress. 

Corresponds  to  the  x-axis,  results  irora  a shift  in  origin. 

The  angle  of  yaw;  the  angle  from  the  vertical  z'x*  plane  to  the 
vertical  zx  plane. 
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ABSTRACT 

The  divergence  of  a faired  towcable  is  considered.  For  long  cables  an  elemen- 
tary relation  governing  the  minimum  divergence  velocity  is  derived  and  several 
sufficiency  conditions  for  freedom  from  divergence  for  all  towing  velocities  are 
presented.  For  cables  of  arbitrary  length  the  minimum  divergence  velocity  is 
obtained  by  seeking  the  zero  of  a 2 x Z determinant. 


INTRODUCTION 

The  stability  analysis  of  a faired  towcable  can  be  divided  into  two  basic  areas: 

1)  cable  divergence  and  2)  cable  flutter.  In  this  paper  the  results  of  an  investi- 
gation concerning  the  divergence  phase  of  the  stability  problem  are  presented 
and  discussed. 


The  intended  meaning  of  "cable  divergence"  as  used  here  parallels  "wing  diver- 
gence” in  the  theory  of  aeroela sticity.  However,  while  wing  divergence  and 
aeroelasticity  are  mentioned,  we  note  that  an  analysis  of  a cable  differs  consid- 
erably from  that  of  a conventional  wing.  For  example  the  deflections  of  a wing 
in  the  chordwise  direction  can  usually  be  ignored.  This  is  not  possible  in  the 
case  of  a cable  since  it  is  flexible  enough  (by  virtue  of  its  length)  to  permit  large 
chordwise  deflections.  While  an  airplane  wing  resists  loads  in  shear  and  torsion, 
a cable  carries  its  load  primarily  in  tension,  although  bending  and  tor sional  effects 
may  not  be  negligible.  Further,  the  influence  of  drag,  which  is  neglected  in  a 
classical  aeroelastic  treatment,  plays  a major  role  in  the  cable  problem  due  to 
the  large  aspect  ratios  involved. 


I 


<%■ 


The  mathematical  cable  model  considered  in  this  paper  includes  the  affects  of 
tension,  the  bending  rigidities  in  both  principal  directions,  torsional  rigidity 
(including  the  increase  in  the  cable  tor  sional  rigidity  due  to  tension),  drag,  and 
lift.  The  deflection  field  investigated  comprises  chordwise  angular  rotation, 
chordwise  deflection,  and  lateral  deflection. 

In  the  discussion  to  follow  an  effort  is  made  to  arrive  at  simple  but  meaningful 
relations  concerning  the  minimum  divergence  velocity  and  sufficient  conditions 
for  stability.  For  cables  of  arbitrary  length,  the  final  results  are  obtained  in  the 
form  of  a 2x2  determinant,  the  zeros  of  which  define  the  divergence  criteria. 
For  sufficiently  long  cables  this  determinant  is  simplified  considerably  and  an 
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elementary  equality  is  found  to  govern  the  minimum  divergence  velocity.  In  the 
case  of  long  cables  several  useful  inequalities  are  obtained  that  quarantee  free- 
dom from  divergence  for  all  towing  velociti  is  and  clearly  indicate  the  importance 
of  certain  parametric  combinations. 


FORMULATION  OF  THE  PROBLEM 

Consider  a towed  cable  as  illustrated  in  Fig.  1.  Let  us  assume  the  cable  is 
initially  untwisted  with  all  chordwise  sections  at  zero  angle  of  attack  with  respect 
to  the  normal  flow  velocity  component  V . This  state  of  deflection  will  be 
referred  to  in  the  following  as  the  undisturbed  state. 

Next,  let  us  introduce  small  disturbances  into  the  system.  The  objective  of  the 
divergence  analysis  is  to  determine  if  the  undisturbed  position  of  the  cable  is 
statically  stable  with  respect  to  such  disturbances. 

Stability  Concept 

As  is  customary,  we  shall  define  a divergence  velocity  as  that  towing  velocity 
for  which,  under  a small  static  perturbation  in  deflection  from  the  undisturbed 
configuration,  the  hydrodynamic  forces  and  moments  acting  on  the  cable  exactly 
balance  the  restoring  forces  and  moments  of  the  cable.  For  velocities  slightly 
above  the  minimum  divergence  velocity  the  cable  can  be  expected  to  deviate  from 
the  undisturbed  position;  below  the  minimum  divergence  velocity  the  cable  will  be 
stable  with  respect  to  divergence.  Although  there  may  exist  multiple  regions  of 
stable  and  unstable  behavior  (with  respect  to  towing  velocity),  only  the  lowest 
divergence  speed  is  usually  of  practical  interest. 

Basic  Assumptions 

In  the  sequel  the  cable  will  be  modeled  as  an  elastic  beam  of  airfoil  shaped  cross 
section  (symmetric)  with  tension  and  fluid  forces  applied  as  external  forces. 
Where  more  than  one  material  is  involved  the  various  constituents  will  be 
assumed  securely  bonded,  thus  allowing  an  equivalent  beam  analysis-  Any  warp- 
ing of  the  cross  sections  during deformation  will  be  assumed  small  and  neglected. 
The  hydrodynamic  forces  will  be  calculated  from  classical  strip  theory.  The 
latter  appears  justified  in  view  of  the  essentially  infinite  aspect  ratio  of  the  cable. 

Center  of  Tension,  Shear,  Pressure 

Several  terms  will  be  referred  to  repeatedly  in  the  text.  Among  these  are  the 
cross  sectional  shear  center , center  of  pressure  (or  aerodynamic  center)  and  the 
center  of  tension.  The  algebraic  positive  signs  of  these  quantities  are  noted  in 
Fig.  2.  The  center  of  pressure  and  shear  center  have  their  usual  meaning  and 
do  not  deserve  comment  here.  The  center  of  tension,  as  used  here,  refers  to 
that  point  on  the  chord  corresponding  to  the  centroid  of  a stress  field  resulting 
from  a cable  under  tension  only.  By  definition  then,  the  first  moment  of  the 
tensile  stress  field  vanishes  at  the  center  of  tension.  If  one  assumes  the  various 
cables  materials  are  bonded  together,  and  hence  that  a linear  strain  distribution 
is  the  result  of  cable  deformation,  the  center  of  tension  is  obtained  in  terms  of 
the  cable  material  and  geometric  properties,  via  an  elementary  calculation,  as 

Jx'E(x',  y')  dA 

x'  - iA (I) 

^ f E(x',y')dA 
A 
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Here  xj  is  a point  on  the  chord,  measured  from  the  origin  of  the  x^  y' 
coordinates  (see  Fig.  Z).  The  quantity  A represents  the  cross  sectional  area  of 
tne  cable.  A further  calculation  indicates  the  center  of  tension  is  coincident  with 
the  neutral  axis  for  bending  about  the  y axis. 

Beam  Equations 

Let  X,  y,  z be  a rectangular  coordinate  frame,  attached  to  the  cable  in  the 
undisturbed  state  as  illustrated  in  Fig.  2.  The  z axis  lies  along  the  locus  of 
local  shear  centers  (elastic  axis).  This  line  will  be  selected  as  a reference  line. 
In  addition,  let  x^  y',  z'  be  a set  of  deformed  coordinates,  attached  to  the  cable 
during  a deformation  from  the  undisturbed  configuration.  According  to  classical 
beam  theory  we  have 


^ = ^x' 


^ ; ce  = 


are  the  bending  rigidities  about  the 


axes  respectively; 


are  radii  of  curvature  in  the 


Here  , B^  are  the  bending  rigidities  about  the  x and  y axes  respective! 
R2,  R2  are  radii  of  curvature  in  the  y' , z*  and  z' , x'  planes  respectively; 
Rj  refers  to  the  elastic  axis  and  R^  to  the  neutral  axis  (center  of  tension)  for 
bending  in  the  z' , x'  plane.  The  sign  convention  for  moments  Mj^,  My',  M 
is  defined  in  Fig.  2.  The  quantity  (My')'p  in(2a)is  the  moment  at  the  center  of 
tension  about  an  axis  parallel  to  the  y'  axis.  The  quantity  6 is  the  angle  of 
twist  per  unit  length. 


It  should  be  noted  that  the  torsional  constant  C , in  the  presence  of  tension, 
depends  on  the  cable  tensile  force  T.  This,  of  course,  is  not  part  of  classical 
beam  theory.  (The  reader  is  referred  tol>  ^ for  a discussion  of  elastic  torsion 
in  the  presence  of  initial  axial  stress.  ) In  general  C has  the  form 


c = (c)_  „+  r r 


a / / r 
z z 


dx^dy  ^ 


where  O y is  the  axial  stress  due  to  tension,  r = x^  + y » and  (C)'p=f 
denotes  the  torsional  rigidity  vinder  zero  tension  (classical  torsional  rigidity) 
For  any  given  cable  one  can  write 


C = (C).p^Q  +a  T 


a > 0 


where  a is  a parameter  depending  on  the  geometry  and  distribution  of  Young's 
modulus. 


Curvature  - Displacement 

Consider  now  displacements  u,  v and  a rotation  P,  as  illustrated  in  Fig.  2. 
Here  u,  v are,  respectively,  the  displacements  of  the  elastic  axis  in  the  x,  y 
directions  as  measured  from  the  undisturbed  configuration,  and  P represents  a 
rotation  of  the  chord  about  the  z axis.  Within  the  context  of  a local  stability 
analysis  (we  consider  only  the  initiation  of  divergence)  u,  v and  P will  be  ^ 
assumed  small  (infinitesimal).  For  small  u,  v and  P one  has  approximately 
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1 _ 1 u d^u 

^2  ds^ 


(3) 


fl  - ^ — — 

~ ds  R ds 

e 


where  R^  and  R-p  refer  to  the  radii  of  curvature  of  the  elastic  axis  and  the 
center  of  tension,  respectively,  in  the  undisturbed  state. 

Substituting  equations  (3)  into  equations  (2a)  we  obtain  the  displacement  - moment 
relations 


B 


/ A . 


) =«x' 


B. 


<4 -id 'SI- 


(4) 


Undisturbed  State 

In  the  xindisturbed  configuration  one  has 


M/=M  =M/=M  = 0 

X X z z 


u = V = P = 0 


(5a) 


(5b) 


Perturbation  Equations 

The  moments  in  the  x',  y',  z'  system  are  related  to  the  undisturbed  moments 
and  the  displacements  u,v,p  by 

M^/  = (My),p  P + + 0(u^,  v^,  P^) 


M / = M + vj(u^,  v^,  P^) 

y y 

M / = (M  )„  ^ + M*,  + 0(u^,  v^,  P^) 
z y T ds  z 


(6) 


The  terms  in  equation  (6)  arise  from  two  sources;  1)  undisturbed  moments 
(which  do  not  change  direction  and  magnitude  to  the  first  order  in  v,  v,  P) 


having  components  along  x^,  y' , z'  and  Z)  moments  induced  by  u,  v,  (3;  e.  g.  , 
from  fluid  forces  and  tension. 

The  induced  moments  M^/  and  are  given  by 


* 

d M / 

X 


l -T  JT 

ds 


(v  + e P ) 


(7) 


d M / 
z 

ds 


i-  pV^caPC^p  - T ^ (v  + eP)e 

ds 


In  deriving  (7),  the  airfoil  cross  section  of  the  cable  was  assumed  efficient,  i.  e.  , 
the  drag  coefficient  was  assumed  much  smaller  than  the  sectional  left  coefficient. 
Classical  strip  theory  was  used  to  represent  the  fluid  forces. 

After  differentiating  equations  (4)  and  (5)  with  respect  to  s and  combining  the 
resulting  equations  with  equations  (5b)  and  (7),  one  obtains 


d^ 


ds 


Z ZB 

) .T  ^ (v.eP)+  ^ |(,M  , . J)p|  =i.pV^cpC^ 

ds  ds  ^ e 


= 0 


(8) 


_d. 

ds 


[ (v  + e P)  e]  + 
ds 


-|-pV^caPC^p 


The  second  of  equations  (8)implies  u = 0 to  first  order  in  the  perturbation  quan- 
ties.  We  need  therefore  only  consider  the  first  and  third  equations.  Now, 


(My)x 


R +e 
e 


and  since,  in  general,  e/R  « 1 , one  has  approximately 


(My)x 


R 

e 


(9) 


(10) 


Employing  equation  (10),  the  first  and  third  of  equations  (8)  can  be  written 
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i! 

ds 


B,-B, 


'tp 


(ii: 


w - 1 2 

Here  q„  = ^ P . 

Equations  (11)  are  perturbation  equations  governing  small  cable  deformations 
from  the  undisturbed  state.  They  are  quite  general,  e.  g.  , they  admit  variable 
cable  properties  with  respect  to  the  span  coordinate  s ; the  iindisturbed  curva- 
ture can  be  large  and  vary  with  s ; the  tension  field  can  vary  with  s , etc.  We 
note  that  the  influence  of  tangential  drag  has  been  implicitly  included  and  mani- 
fests itself  through  the  distribution  of  T along  the  span. 


SOLUTION  OF  THE  PERTURBATION  EQUATIONS 
Boundary  Conditions 

For  the  purpose  of  this  analysis  the  cable  ends  will  be  assumed  hinged  with 
respect  to  the  v displacement  and  fixed  with  respect  to  a rotation  about  the  z' 
axis.  These  boundary  conditions  can  be  written  as 

v(0)  = v(-f-)  = 0 

^ (0)  = ^ «,)  - 0 t‘2' 

ds  ds 

P(0)  = p(^)  - 0 

Solution  Method 

We  formally  expand  v and  P into  the  following  series,  each  term  of  which 
satisfies  the  boundary  conditions  (12) 


V 


oo 

E 

n=l 


a sin 
n 


mrs 

I 


oo 


P = E 

n=l 


b sin 
n 


mrs 

I 


(13) 


As  an  approximation  to  the  lowest  mode,  leading  to  the  minimum  divergence 
velocity,  only  the  first  (n  = 1)  terms  of  equations  (13)  are  retained.  A substitution 
of  the  resulting  relations  for  v and  6 into  the  differential  equations  (11)  leads  to 
the  following  errors  for  the  first  and  second  of  (II)  respectively. 


! 

I 

1 


1 
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Following  a few  integrations  by  parts  we  obtain  two  equations  for  the  two  unknowns, 
a^  and  b^ 


STABILITY  CONDITIONS 

Equations  (17)  possess  nontrivial  solutions  if  and  only  if  the  determinant  of  the 
coefficients  vanish;  the  latter  condition  leads  to  the  stability  determinant; 


(f) 

2 _ _ 

(Te  ■ ■ c C^p  q 

^ — 2 - 
(C  + Te^)  - c a C^p  q 

An  expansion  of  (19)  yields 

q c [ T(a  - e)  - 


(t)  tB. 


a q - CT  - TeBj2  + Cj^Te  - 


Considerable  insight  into  the  divergence  problem  can  be  obtained  at  this  point  by 
observing  equation  (20)  in  the  limit  as  {n  / 1)^  -•  0 , i.  e.  , for  long  cables.  In  this 
case  it  is  evident  that  the  first  group  of  terms  in  (20)  dominate  and  the  divergence 
condition  is  governed  by 

q cC^p[T(a  - e)  - Cj^l  = 

whereby,  for  non  trivial  q,  the  minimum  divergence  velocity  is  obtained  from 


T(a  - e)  = C, 


(defines  divergence  velocity) 


By  virtue  of  equation  (22)  and  the  geometry  of  the  problem,  one  concludes  that  a 
sufficient  condition  for  freedom  from  divergence  at  all  towing  velocities  for  long 
cables  is 


T(e  - a)  > - C, 


(sufficient  condition  for  stability)  (23) 


The  term  (e  - a)  in  (23)  represents  the  distance  between  the  center  of  tension  and 
the  center  of  pressure;  its  sign  is  positive  if  the  center  of  tension  lies  ahead  of 
the  center  of  pressure.  Equation  (23)  implies  optimum  first  mode  conditions 
(with  respect  to  divergence)  occur  when  1 ) (e  - a ) is  a large  as  possible  with 
positive  sign,  2)  B^  is  as  small  as  possible,  and  3)  C is  as  large  as  possible. 

Several  other  more  restrictive,  but  useful  sufficiency  conditions  for  stability  can 
be  derived  from  (23).  For  example,  since 
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ds 


-t/C-B- 
o e 
C-B- 


, -l/C-B,\  , , I C-B, 

^ ds  1^  f- j I 


sin 


2 ITS 


s max 
s 


R 


one  concludes  the  system  is  stable  if 


C-B^ 

(e  - a)  > max  I 1:7- 

s (R^)(T) 


(sufficient  condition 
for  stability) 


(24) 


A further  sufficiency  condition  is  obtained  from  equation  (23)  if  one  notes  that  C 
takes  on  a minimum  value  (according  to  equation  (2c)  ) when  T = 0.  This  con- 
dition is 


e - a > 0 ; (C)„_q  ~ B^  a 0 (sufficient  condition  (25) 

for  stability) 


CONCLUSION 

We  conclude  by  noting  the  following  results  of  the  analysis: 

1)  For  sufficiently  long  cables^  the  minimum  divergence  velocity  is 

governed  by  the  relation:  T(e  - a)  = • 

2)  Any  one  of  the  following  are  sufficient  conditions  for  freedom  of 
divergence  of  long  cables. 


a) 

T(e  - a)> 

-^2 

C-B^ 

b) 

(e  - a) > 

max  1 1 

s (R„)(T) 

c) 

e - a > 0 

, (C).^,^^  - B 

3)  In  general,  optimum  stability  conditions  for  long  cables  occur  when 

a)  the  center  of  tension  e is  forward  of  the  center  of  pressure  a ; 

b)  the  distance  (e  - a)  is  a maximum; 

c)  the  chordwise  bending  rigidity  B^  is  a minimum  and 

d)  the  torsional  rigidity  is  a maximum. 

4.  The  minimum  divergence  velocity  for  all  cable  lengths  can  be  obtained 
by  determining  the  minimum  q yielding  a zero  of  the  determinant  (19). 
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NOMENCLATURE 


a 

c 

e 


s 

u,  V 
X,  y,  z 

III 

X , y , z 


C 

R 

R 

R 

R 

T 

V 


1 

2 

e 

T 

n 


T.  B^, 

®12’ 

^12 

P 

0 


distance  from  elastic  axis  to  aerodynamic  center 
chord 

distance  from  elastic  axis  to  center  of  tension 
(1/2)  P vj 

running  coordinate 

small  displacements  from  the  undisturbed  position  in  the  x,  y 
directions  respectively 

coordinates  of  undisturbed  state 

coordinates  of  perturbed  state 

bending  rigidity  about  axis  (bending  in  y',  z^  plane) 

bending  rigidity  about  center  of  tension  (neutral  axis  for  bending 
x',  z'  plane) 

effective  torsional  rigidity 

radius  of  curvature  of  elastic  axis  in  z^  y'  plane 

radius  of  curvature  of  tension  axis  in  x^,  7.'  plane 

radius  of  curvature  of  elastic  axis  in  x,  z plane 

radius  of  curvature  of  tension  axis  in  x,  z plane 

tension  force 
(See  Figs.  1 and  2) 

See  equation  (18) 


angle  of  rotation  about  the  z axis 
angle  of  twist  per  unit  length 
fluid  density 

sectional  lift  curve  slope 
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THE  DIVERGENCE  AND  FLUTTER  CRITERIA  FOR  FAIRED  TOW  CABLES 


by  J.  S,  Karuio 
Senior  Technicixl  SpecL'Uist 
Sjjace  and  Information  Systems 
North  American  Aviation,  Inc, 


ABSTRACT 

During  1965,  the  Ocean  Systems  Operations  organization  of  North  Americ;ui  Aviation,  Inc. 
designed  and  fabricated  two  test  sections  of  a faired  tow  cable  for  the  US  Na%->'  Electronics 
Laboratory  (Contract  N123(935)-52188A).  This  paper  reviews  the  highlights  of  the 
theoretical  analysis  of  the  hydroelastic  behavior  of  marine  faired  tow  cables  which  was 
formulated  and  carried  out  in  compliance  with  the  contracted  requirements.  The  discussion 
of  the  basic  phenomena,  the  mathematical  model,  the  criteria  and  the  conclusions  pertinent 
to  the  prevention  of  flutter,  torsional  divergence,  and  cable  attachment  sway  angle  divergence 
is  presented.  Calculated  stability  boundaries  reflecting  the  hydroelastic  performance  of  the 
NAA-faired  tow  cable  are  also  presented.  Only  material  prepared  for  and  submitted  in  the 
final  reportt*^)  of  the  contracted  work  is  reviewed  in  this  paper. 


INTRODUCTION 

The  potential  high-speed  capability  of  a marine  tow  cable  faired  to  reduce  the  hydrodynamic 
drag  loading  and  applied  to  the  towing  of  a deeply  submerged  sonar  instrument  platform  is 
drastically  impaired  by  the  occurrence  of  hydroelastic  torsional  divergence  ajid  flutter.  A 
well  designed  tow  cable  must  trail  behind  the  towing  vehicle  keeping  the  faired  cross-section 
always  aligned  in  the  direction  of  the  towing  velocity.  Lateral  angles  of  attack  of  the  cable 
section,  due  to  the  torsional  deformations  of  the  tow  cable,  cause  large  lateral  hydrodynmiic 
loads  to  occur.  This. in  turn,  disrupts  the  intended  trim  state  of  the  towed  body,  because  of 
the  change  of  inclination  of  the  cable  tension  force  at  the  towed  body.  In  the  extreme  case, 
the  accompanying  unstable  response  culiminates  either  with  the  towed  system  at  the  surface 
of  the  sea  or  with  a severed  tow  cable. 

As  depicted  in  Fig.  1,  the  deformed  state  of  the  faired  tow  cable  is  characterized  by  large 
cable  drag  loads,  large  cable  tension  and  inplane  bending  moments.  The  external  load  is 
maintained  in  equilibrium  by  the  cable  tension  acting  in  conjunction  with  the  elastically 
deformed  inplane  curvature  of  the  tension  axis.  For  a continuous  cable,  the  chordwise  shear 
is  generally  ineffective  because  of  the  significant  deformation  of  the  tension  axis.  From  the 
structural  standpoint,  the  faired  tow  cable  is  a long  flat  ribbon  that  is  forced  to  bend  in  the 
plane  of  the  ribbon.  From  the  hydrodynamic  standpoint,  the  faired  tow  cable  is  a symmet- 
rically sectioned  and  laterally  oriented  lifting  surface  of  infinite  aspect  ratio.  The  former 
point  of  view  suggests  torsional  buckling,  whereas  the  latter  suggests  hydroelastic 
instabilities. 

The  fundamental  structural  response  properties  characteristic  of  the  faired  tow  cable  are 
depicted  in  Figs.  2 and  3.  In  Fig.  2,  the  lateral  displacement,  v,  and  the  torsional  dis- 
placement, due  to  an  imposed  lateral  load,  F,  are  depicted.  The  cable  is  forced  to  bend 
in  the  plane  of  the  cable  and  is  also  presumed  to  be  simply  supported  at  the  two  ends.  The 
structural  reference  axis  (SRA),  used  to  define  the  torsional  angular  displacement,  is  the 
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axis  of  the  cable  center  of  twist  for  the  cable  exhibiting  no  inplane  bending  curvature.  For 
no  cable  tansion,  the  SRA  is  the  elastic  axis,  that  is,  the  line  of  sectional  shear  centers. 

For  predominant  cable  tension,  the  SRA  is  the  tension  axis,  that  is,  the  line  of  the  sectional 
tension  stress  resultants.  For  most  practical  tow  cable  structures,  the  elastic  and  the 
tension  axes  are  located  very  close  to  each  other.  Throughout  this  work  they  are  presumed 
to  be  essentially  one  and  the  same. 

The  lateral  displacement  and  the  twist  caused  by  a constant  lateral  load  placed  at  various 
chordwise  locations  are  depicted  in  terms  of  influence  functions  in  Fig.  3.  The  imposed 
inplane  curvature  is  presumed  to  be  less  than  that  required  to  buckle  the  tow  cable. 

Two  chordwise  points  denoted  by  (t)  and  (r)  and  designating  the  zero  angular  displacement 
and  the  zero  transverse  displacement  load  locations,  respectively,  characterize  the 
structural  response  and  the  imposed  inplane  curvature.  It  is  apparent  that  the  center  of 
twist  which  for  the  straight  cable  is  defined  by  the  SRA  is  located  for  the  cable  arched  in  the 
plane  of  the  cable  behind  the  SRA  at  the  point  denoted  by  (t).  As  the  intensity  of  the  imposed 
inplane  curvature  is  increased,  the  point  (t)  moves  farther  aft  and  the  point  (r)  moves  farther 
forward.  At  the  imposed  inplane  curvature,  for  which  the  two  points  coalesce,  the  structure 
buckles  torsionally  and  no  longer  resists  any  lateral  load.  More  critical  than  the  structural 
torsional  buckling,  however,  is  the  hydroelastic  torsional  divergence  of  the  tow  cable. 

I Hydroelastic  torsional  divergence,  for  which  the  required  chordwise  shift  of  the  center  of 

t twist  is  less,  occurs  when  the  center  of  twist  moves  aft  of  the  center  of  pressure  of  the 

lateral  static  hydrodynamic  lift.  Generally,  this  center  of  pressure  is  located  at  the  quarter- 
chord  point.  The  chordwise  movement  of  the  center  of  twist  is  proportional  to  the  intensity 
of  the  imposed  inplane  bending  moment.  Although  both  the  shear  center  and  the  tension 
I center  may  be  designed  well  forward  of  the  quarter-chord  point  to  prevent  hydroelastic 

torsional  divergence,  the  operational  towing  loads  may  still  be  encountered  which  cause  the 
center  of  twist  to  move  far  enough  aft  toward  the  quarter-chord  point  such  that  marginally 
stable  behavior  and  hydroelastic  divergence  occur. 

i ■ 

I The  fundamental  dynamic  lateral  translational  and  torsional  behaviors  associated  with 

; flutter  are  depicted  in  Fig.  4.  The  lateral  translation  and  twist  exhibit  coupled  oscillations. 

[ The  torsional  oscillation  leads  the  transverse  oscillation  essentially  by  the  phase  angle  of  a 

quarter  of  a cycle.  The  reduced  frequency,  k,  due  to  the  low  frequency  of  the  coupled 
I oscillation  and  the  small  chord  length  of  the  tow  cable,  is  generally  a very  small  value.  The 

coupling  between  the  transverse  and  the  torsional  behaviors  governed  by  the  interaction 
attributable  to  the  sectional  elastic, inertial  and  hydrodynamic  properties  determines  the 
amplitude  ratios  of  the  transverse  and  torsional  oscillations  and,  consequently,  the  occur- 
rence of  flutter.  It  is  j^jparent  in  Fig.  4 that  the  torsional  amplitudes  of  the  stable  and 
unstable  oscillations  are,  respectively,  less  and  greater  than  the  torsional  amplitude  of  the 
neutrally  stable  oscillation.  In  the  former  case,  fluid  forces  are  generated  which  damp  the 
oscillation  whereas,  in  the  latter  case,  fluid  forces  are  generated  which  cause  the  amplitude 
of  the  oscillation  to  grow.  Binary  hydroelastic  flutter  is  generally  prevented  by  maintaining 
the  center  of  mass  of  the  cable  structure  noticeably  forward  of  the  midchord  point. 


MATHEMATICAL  MODEL  OF  THE  TOW  CABLE 

An  accurate  simulation  of  L.  dynamics  of  the  overall  towed  system  would  involve  the 
mathematical  representations  of  both  the  tow  cable  and  the  towed  body.  The  dynamic 
behavior  of  one  cannot  be  realistically  separated  from  the  dynamic  behavior  of  the  other. 
However,  from  the  standpoint  of  preventing  torsional  divergence  and  flutter,  it  can  be 
safely  presumed  that  the  cable  proper  must  be  stable  regardless  of  the  nature  of  the  dynamic 
behavior  of  the  towed  body.  A reasonable  torsional  divergence  and  flutter  prevention  criteria 
can  be  formulated  by  stipulating  that  the  standing  wave  dynamic  response  of  all  conceivable 
spatial  wavelengths  of  the  tow  cable  be  stable. 
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The  mathematical  mcxlel  iormulatecl  to  examine  the  hydroelastic  lx;havior  of  a faired  tow  t 

cable  must  at  least  include  (a)  the  structural  behavioral  relationships  describing  the  lateral  ' 

buckling  of  a flat  ribljon  which  is  initially  deformed  in  the  plane  of  the  riblxjn;  (b)  structural  ^ 

bchavior;il  relationships  describing  the  structural  stiffening  due  to  the  steady  state  tension  f 

of  both  the  transverse  displacement  and  the  twist  of  the  tow  c:ible;  and  (c)  distributed  hydro-  | 
dymunic  lateral  forces  imd  twisting  moments  usually  associated  with  the  incompressible  and  J 
invicid  fluid  flutter  :uid  divergence  theory'  of  high  aspect  ratio  lifting  surfaces.  Since  the  f 

torsional  behavior  is  of  fundiunental  concern,  the  formulation  should  include  sufficient  " 

detail  to  show  how  the  torsional  rigidity  and  the  chordwise  location  of  the  structural  center  | 

of  twist  are  influenced  by  the  interaction  reflected  by  the  cross-sectional  transverse  dis-  ) 

tortions  :md  stresses.  The  formulation  of  such  a mathematical  model  does  not  require  the  , 


development  of  any  new  fundamental  theor>-.  In  fact,  all  pertinent  theoretical  considerations 
are  found  in  readily  available  reference  textljooks,  Timoshenko",  Goodier^,  and 
Bisplinghoff,  Ashley  and  Halfman*^  constitute,  x'espectively,  excellent  sources  for  the  basic 
theories  pertaining  to  the  lateral  buckling  behavior  of  a flat  ribbon,  the  structural  torsional 
behavior  including  the  stiffening  effects  of  tension,  and  the  hydrodynamic  transverse  forces 
and  twisting  moments. 

The  highlights  of  the  formulation  of  the  mathematical  model  of  the  faired  tow  cable  and  the 
corresponding  simplifying  assumptions  and  solution  are  review'ed  in  Fig.  5 and  Tables  1 
through  5.  In  Fig.  5 the  structural  sectional  stress  resultants  anc^the  lideral  perturbations 
pertinent  to  the  mathematical  model  are  reviewed.  The  vectors,  P and  My,  consistent  with 
the  right-hand  rule,  respectively  denote  the  steady  state  tension  and  the  inplane  bending 
moment.  The  vectors,  v and  also  consistent  with  the  right-hand  rule,  denote  the 
transverse  and  torsional  perturbations,  respectively.  All  other  quantities  designated  by  the 
upper  case  letters,  M,  V and  T,  denote  the  stress  resultants  attributable  to  the  strains  of 
the  lateral  perturbations. 

The  equations  of  motion  of  the  lateral  perturbations  are  presented  in  Tables  1 and  2.  It  is 
apparent  that  the  elastic  relationships  of  these  equations  reflect  beam-type  flexural  and 
torsional  behavior  of  the  theory  of  the  strength  of  materials.  Aerodynamic  two-dimensional 
strip  theory  based  on  the  cross  flow'  component  of  the  free  stream  velocity  is  presumed  to 
apply.  The  partial  differential  equations  of  the  system  are  linearized  by  assuming  that  the 
transverse  and  torsional  displacements  constitute  small  perturbations  about  the  steady 
deformed  state.  The  small  perturbations  do  not  alter  the  steady  state  curvature  nor  the 
intensities  of  the  steady  state  external  and  internal  inplane  tow  cable  loads.  The  tow  cable, 
however,  in  changing  its  orientation  by  virtue  of  the  lateral  perturbations  twists  and  bends 
in  accordance  with  the  imposed  steady  state  curvature.  The  stress  and  the  stress  distrilju- 
tion  across  the  section  of  the  cable  changes  in  accordance  with  the  imposed  steady  state 
loads.  The  influence  of  the  impos^  steady  deformed  state  in  the  derived  elastic  laws  is 
reflected  essentially  by  the  terms  P and  My  — that  is,  the  steady  state  tension  and  the  inplane 
bending  moment,  respectively.  It  is  apparent  in  the  equations  of  motion  that  the  structural 
coupling  between  the  transverse  and  the  torsional  perturbations  entails  the  terms 


Additional  coupling,  namely,  the  cable  mass  static  unbalance,  m^o>  reflected  by 

the  hydrodynamic  derivatives  tabulated  in  Table  2,  is  also  ^parent  in  these  equations. 

The  format  of  Table  2 is  used  to  identify  the  various  hydrodynamic  derivatives  pertinent  to 
the  lateral  force  and  twisting  moment.  Quite  often,  the  quasi-steady  stability  derivatives  of 
the  airfoil  section  are  known.  These  are  established  by  experimental  measurements,  and 
in  such  instances,  these  values  may  be  used  in  place  of  the  theoretical  thin  airfoil  values. 
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In  this  study,  except  for  the  knowi^  = 5.  3 per  radian,  Theodorsen's  thin  airfoil  stability 
derivatives  were  used  throughout.  The  thi'ee-quartcr  chord  point  downwash  velocity  noted 
in  Table  2 is 

WTiere  a denotes  the  chordwise  location  of  the  midchord  with  respect  to  the  SRA,  in  terms 
of  the  half-chord  length.  Positive  values  of  a signify  that  the  SRA  is  behind  the  midchord 
point.  For  chordwise  locations  of  the  SRA  in  front  of  the  quarter-chord  point,  a < - 1/2. 

The  assumptions  pertaining  to  a simplified  solution  of  the  equations  of  motion  are  tabulated 
in  Table  3.  The  assumed  mode  flutter  equations  of  motion  and  the  flutter  characteristic 
equations  derived  consistently  with  these  assumptions  are  presented  in  Table  4.  The 
coefficients  of  the  characteristic  equation  reflect  the  structural , inertial  and  hydrodynamic 
sectional  properties  as  well  as  the  towing  speed  and  the  spatial  half-wavelength,  i,  of  the 
presumed  dynamic  behavior.  In  this  study,  the  coefficients  and  the  roots.  A,  as  functions 
of  the  spatial  half-wavelength  were  calculated  and  examined.  Fortunately,  the  stability 
requirements  can  also  be  established  from  the  inequalities  of  the  Routh-Hurwitz  stability 
criterion^  — cf.  Table  4 — and  therefore  a large  amount  of  calculated  dynamic  response  data 
is  not  needed.  The  results  of  the  analytical  analysis  of  the  Routh-Hurwitz  inequalities  are 
presented  in  Table  5. 

The  two  inequalities  tabulated  in  Table  9 reflect  (a)  the  sectional  structural  mass  balancing 
required  to  prevent  flutter  and  (b)  the  static  stability  margin  with  respect  to  the  structural 
twist  axis  required  to  prevent  torsional  divergence.  Both  inequalities  must  be  satisfied. 
The  first  relationship  pertains  to  the  prevention  of  adverse  dynamic  coupling  between  the 
transverse  and  torsional  behaviors.  It  reveals  that  a forward  location  of  the  structural 
center  of  mass  must  be  maintained  in  the  design  of  the  tow  cable.  The  second  relationship 
pertains  to  the  maintenance  of  the  center  of  pressure  of  the  lateral  static  hydrodj'namic  lift 
behind  the  structural  center  of  twist.  Although  both  the  elastic  axis  and  the  tension  axis 
may  be  designed  well  forward  of  the  quarter-chord  point,  the  twist  axis  shifts  toward  the 
trailing  edge  because  of  the  imposed  steady  state  towing  loads.  The  movement  of  the  twist 
axis  is  governed  essentially  in  accordance  with  the  equation  shown  in  Table  5. 


FLUTTER  AND  DIVERGENCE  BOUNDARIES  OF  THE  TOW  CABLE 

The  sectional  mass  balancing  required  to  prevent  the  occurrence  of  flutter  is  depicted  in 
Fig.  6.  The  equation  of  the  boundarj'  is  established  by  the  first  relationship  of  Table  5. 
Superimposed  in  Fig.  6 is  the  point  representing  the  inertial  properties  of  the  NAA  tow 
cable.  Calculations  of  the  dynamic  behavior  representative  of  the  NAA  tow  cable  reflect 
free  oscillations  which  damp  to  half- amplitude  in  1/4  to  3/2  cycles  of  vibration. 

The  static  stability  margin  with  respect  to  the  structural  twist  axis  for  the  NAA  tow  cable 
is  depicted  in  Fig.  7.  These  curves  reflect  in  accordance  withjhe  second  equation  of 
Table  s,  the  influence  of  the  steady  state  internal  cable  loads,  P and  M^.  The  ratio 
(My/Pp),  for  a continuous  tow  cable,  is  largest  at  the  lower  terminal  ^d  decreases  slowly 
over  the  length  of  the  tow  cable.  The  extent  of  the  chordwise  shift  of  the  twist  axis  at  the 
lower  terminal  described  in  terms  of  the  cable  drag  load  and  the  steady  state  towed  body 
loads  is 
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\ ^ running  cable  dra^  load,  Ibs/ft 


It  is  apparent  in  Fig.  7 that  the  loss  of  the  static  stability  margin  is  small  at  both  low  and 
high  towing  velocities.  The  loss  of  the  static  stability  margin  is  greatest  at  an  intermediate 
towing  velocity.  It  is  not  enough  to  achieve  by  appropriate  structural  and  hydrodynamic 
design  a substantial  initial  static  stability  margin,  -1/2  (a  + 1/2).  Torsional  divei-gence  of 
the  tow  cable  will  still  occur  if  the  trim  state  of  the  towed  body  is  not  maintained  at  high 
lift-drag  ratios.  Unfortunately,  the  curves  of  Fig.  7 do  not  reveal  the  destabilizing 
influence  of  having  an  excessively  small  weight  of  the  towed  body  in  water.  This  informa- 
tion is  readily  established  by  the  analytical  determination  of  the  properties  that  are  related 
to  the  maximum  destabilizing  chordwise  movement  of  the  twist  axis. 

The  dimensionless  parameters  describing  the  properties  of  the  maximum  chordwise  shift  of 
the  twist  axis  are  depicted  in  Fig.  8.  Both  the  dimensionless  movement  of  the  twist  axis  and 
the  towing  velocity  squared  at  which  it  occurs  are  showTi  plotted  as  functions  of  the  trim  state 
lift-drag  ratio  of  the  towed  body.  As  implied  in  Fig.  8,  the  chordwise  shift  of  the  twist 
axis  is  maintained  small  by  designing  the  towed  system  such  that  the  value  of  the  parameter 


is  made  as  small  as  possible.  Since  Cj^S  affects  the  drag  performance  of  the  towed  system 
this  property  of  the  towed  body  can  not  be  increased.  The  only  towed  body  property  which  is 
easily  adjusted  without  unduly  penalizing  the  towed  system  is  the  weight  of  the  towed  body  in 
water.  It  is  appai'ent  that  the  weight  of  the  towed  body  in  water  can  not  be  allowed  to  become 
too  small. 

Another  source  of  tow  cable  hydroelastic  divergence  is  that  caused  by  the  mechanical 
behavior  of  the  towed  body  cable  attachment  assembly  acting  in  conjunction  with  the  sway 
angular  perturbation  of  the  tow  cable.  The  pertinent  elements  of  the  problem  associated 
with  the  hook's  joint  attachment  assembly  are  depicted  in  Fig.  9.  The  assembly  is  free  to 
pitch  with  respect  to  the  towed  body  and  is  connected  to  the  tow  cable  through  an  axial 
bearing  which  is  aligned  with  the  cable  cross  flow  velocity.  The  inclination  of  the  tow  cable 
with  respect  to  the  towed  body  wind  reference  axis  is  denoted  by  the  angle,  di.  If  the  tow 
cable  sways  from  a lateral  disturbance  as  showTi  in  Fig.  9,  it  is  apparent  that  a lateral  angle 
of  attack  of  the  cross  flow  is  generated.  This  lateral  angle  of  attack  in  turn  generates  a 

CONFIDENTIAL 


71 


CONFIDENTIAL 


f 


corresponding  lateral  static  hydrodynamic  load.  The  lateral  hydrodynamic  load  c:innot  lx? 
sustained  by  the  structure  without  significant  transverse  deformations  of  the  tow  calde.  The 
tow  cable  deforms  in  the  direction  of  the  load  and  increases  the  sway  angular  displacement 
of  the  tow  cable  at  the  attachment;  the  lateral  angle  of  attack  in  turn  is  further  increased  and 
so  is  the  corresponding  lateral  load. 

The  sway  angular  tlisplacement  of  the  tow  cable  at  the  lower  attachment  can  diverge. 

Whether  it  does  or  does  not  depends  on  the  dynan^ic  pressure,  the  trim  state  of  the  towed 
body,  the  lateral  flexibility  of  the  tow  cable,  the  hydroelastic  static  stability  margin  of  the 
tow  cable,  and  the  torsional  rigidity  of  the  tow  cable.  If  the  tow  cable  is  soft  torsionally, 
and  the  hydroelastic  static  stability  margin  is  large,  the  tow  cable  twists  into  the  direction 
of  the  local  freestream  and  tends  to  close  the  angle  of  attack  opened  by  the  sway  angle 
perturbation.  The  criterion  for  stable  behavior  reflecting  these  properties  is  presented  in 
Fig.  10.  Curves  pertaining  to  the  NAA  tow  cable  typical  of  the  terms  of  the  inequality  which 
must  be  maintained  for  stable  behavior  are  also  depicted  in  Fig.  10.  Although  the  cable 
proper  is  free  of  torsional  divergence,  it  still  exhibits  cable  attachment  sway  angle  diver- 
gence over  a brief  interval  of  intermediate  towing  velocities. 

The  occurrence  of  torsional  divergence  and  cable  attachment  sway  angle  divergence  may  be 
summarized  in  terms  of  the  stability  regimes  of  towed  body  trim  state  lift-drag  ratios  and 
towing  velocities.  Such  a chart  appropriate  for  the  Lake  Washington  tow  tests  of  the  NAA 
tow  cable  conducted  during  1966  is  depicted  in  Fig.  11.  The  unstable  regime  for  cable 
attachment  sway  angle  divergence  is  a great  deal  larger  than  the  unstable  regime  for  cable 
torsional  divergence.  It  is  apparent  that  the  attachment  fitting  should  be  modified  so  that 
either  the  torsional  behavior  of  the  tow  cable  is  not  mechanically  constrained  at  the  attach- 
ment fitting,  or  the  constrained  mechanical  behavior  of  the  tow  cable  as  it  sways  does  not 
generate  a lateral  angle  of  attack. 


The  torsional  divergence  preventive  measures  reviewed  thus  far  involve,  (1)  designing  the 
elastic  axis  and  the  tension  axis  well  forward  of  the  center  of  pressure  of  the  lateral  static 
hydrodynamic  lift  and,  (2)  maintaining  the  trim  states  of  the  towed  body  such  that  the  twist 
axis  does  not  shift  chordwise  too  far  aft  towards  the  center  of  pressure.  The  chordwise 
shift  of  the  twist  axis  is  additionally  governed  by  two  design  principles.  These  principles 
entail  reducing  the  structural  coupling  parameter,  (1  - and  the  inplane  bending 

moment.  My.  The  relationship  between  the  parameter,  (1  - and  the  effective  base- 

to-thickness  ratio  of  the  primary  tension  member  of  the  tow  cable  is  depicted  in  Fig.  12. 

The  point  representing  the  NAA  tow  cable  is  also  shown  superimposed  on  this  relationship. 

Although  the  calculated  sectional  structural  properties  of  the  NAA  tow  cable  include  the 
contribution  of  the  polypropylene  trailing  edge,  the  percentage  contribution  of  the  soft  trail- 
ing edge  — that  is,  16.  2 percent  for  B^,  and  0.  6 percent  for  C — is  too  small  to  be  significant. 

It  is  apparent  in  Fig.  12  that  a moderate  reduction  of  the  structural  coupling  parameter,  j 

(1  - C/B;j),  is  realized  by  a minor  reduction  of  the  effective  base-to-thickness  ratio  of 
the  steel  leading  edge  section. 

The  reduction  of  the  inplane  bending  moment,  My,  achieved  by  using  a linked  tow  cable  is 

depicted  in  Figs.  1.3  and  14.  Because  of  the  short  length  of  the  basic  cable  link  (Fig.  13) 

the  cable  drag  load  of  the  link  is  maintained  in  equilibrium  by  the  chordwise  shear  as  well 

as  by  the  cable  tension.  The  corresponding  inplane  bending  deformation  of  the  cable  proper 

is  less  than  the  inplane  bending  deformation  that  is  exhibited  by  an  equivalent  sectioned  ■ 

continuous  cable.  The  reduction  of  the  inplane  bending  moment  of  the  linked  tow  cable  as 

shown  in  Fig.  14  depends  on  the  length  of  the  link,  L,  the  cable  tension,  P,  and  the  inplane 

bending  flexural  rigidity,  B,^.  It  is  apparent  in  Fig.  14  that  very  significant  moment  reduc-  ] 

tions  are  realized  by  the  NAA  linked  tow  cable  especially  at  the  intermediate  and  lower  ^ 

cable  tensions  at  which  torsional  divergence  of  the  tow  cable  occurs  — cf. , Fig.  11. 
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Unfortunately,  in  order  to  complete  the  theoretical  anal3'sis  at  the  earliest  possible  date  in 
the  contracted  wox’k,  the  torsion;il  divergence  of  the  KAA  tow  cable  was  examined  assuming 
that  the  tow  cable  is  essentially  continuous,  and  divex’gence  properties  of  the  liiiked  tow 
cable  per  se  were  not  examined  at  ;dl.  Additional  aiudysis  may  reveal  that  for  most 
practical  towing  missions  the  NAA  linked  tow  catole  is  completely  free  of  torsional  diver- 
gence. If  this  is  not  the  case,  minor  modifications  of  both  the  tow  cable  and  the  towed  body 
will  make  it  so. 


CONCLUSIONS 

Fundamental  binary  flutter  is  avoided  by  maintaining  a forward  chordwise  location  of  the 
center  of  mass.  This  is  not  difficult  to  achieve  because  the  stiuctural  design  requirements 
for  the  prevention  of  torsional  divergence  places  most  of  the  primaiw  structural  material 
at  the  leading  edge.  Torsional  divergence  of  the  tow  cable  is  avoided  by  maintaining  the 
chordwise  locations  of  the  elastic  and  the  tetisioii  axes  u ell  forward  of  the  centei’  of  pressure 
of  the  lateral  static  hydrodynamic  lift.  Adverse  chordwise  movement  of  the  stiuctural 
twist  axis,  in  view  of  the  towed  body,  is  avoided  bj'  maintaini2ig  ;m  appreciable  weight  of  the 
towed  body  in  water  and  moderately  high  towed  bod\’  trim  lift-drag'  ratios  and,  in  view  of 
the  tow  cable,  is  avoided  by  reducing  the  sectional  stiuctural  coupling  £ind  the  imposed 
structural  inplane  bending  moment.  The  imposed  structural  inplane  bending  moment 
exhibited  by  a continuous  cable  is  significantli-  reduced  by  using  the  moment  reliei  ing  pin 
jointed  cable  links.  Tow  cable  sway  angle  divergence  caused  primarily  by  poor  design  of 
the  towed  body  cable  attachment  assembly  is  prevented  by  designing  the  attachment  assembli- 
so  that  either  the  torsional  response  of  the  tow  cable  is  not  constrained  by  the  fitting  or  the 
constrained  mechanical  behavior  of  the  tow  cable  as  it  sways  exhibits  no  cross  flow  angle  of 
attack  at  the  fitting. 


NOMENCLATURE 


SRA 
s,  0 


V,  l/f 


V)7,  M^,  T^ 

P 

M 

y 


The  structural  reference  axis  used  to  define  the  structural  centers  of 
twist  of  the  tow  cable  exhibiting  no  inplane  bending  effect. 

The  distance  along  the  tow  cable  from  the  lower  terminal  and  the  inclina- 
tion of  the  tow  cable,  respectively. 

Cable  attached  Cartesian  reference  coordinate  used  to  define  the  stiuctural 
stress  resultants  — cf.  , Fig.  9. 

Transverse  and  torsional  lateral  perturbation  of  the  SRA  at  s. 

Transverse  flexural  cuiwature  of  the  tow  cable. 

Transverse  shear,  transverse  bending  moment  and  torsional  moment  of 
the  tow  cable. 

Steady  state  cable  tension. 

Steady  state  inplane  bending  moment  of  which  the  positive  sign  denotes 
tension  of  the  leading  edge  fibers. 

Flexural  and  torsional  stiuctural  rigidities  of  the  tow  caiilc  with  respect 
to  the  T}  and,^  axes,  respectively  - cf,  , Fig.  9. 
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Externally  tqjplied  running  transverse  and  torsional  loads. 

Structural  mass  ijer  unit  length  of  the  tow  cable, 

Chordwise  location  of  the  structural  mass  center  with  respect  to  the  SRA. 

Chordwise  location  of  the  structural  mass  center  behind  the  leading  edge. 

Mass  moment  of  inertia  per  unit  length  of  the  tow  cable  with  respect  to  the 
center  of  mass. 

Sectional  transverse  lift  coefficient. 

Sectional  twisting  moment  coefficient  with  respect  to  the  SRA. 

Chordlength 
Fluid  mass  density. 

Steady  state  towing  velocity. 

Steady  state  cross  flow  velocity. 

Downwash  component  of  velocity  at  the  3/4  chordline. 

Oscillation  frequency. 

Reduced  frequency,  (ccu/2  Vjj). 

Theodorsen's  function  representing  unsteady  wake  effects. 

Location  of  the  midchord  ahead  of  the  SRA  in  terms  of  half-chordlengths. 

Location  of  the  static  lift  center  of  pressure  behind  the  SRA  in  terms  of 
chordlengths. 

Vibrational  half-wavelength  exhibited  along  the  tow  cable  axis. 
Hydrodynamic  mass  ratio,  m/pn-  (c/2)  . 

Location  of  the  twist  axis  with  respect  to  the  SRA. 

Sectional  drag  coefficient  of  the  tow  cable  based  on  the  chordlength. 


W Weight  of  the  towed  body  in  water. 

Cj^,  Cp  Lift  and  drag  coefficients  of  the  towed  body. 

S Reference  area  of  the  hydrodynamic  forces  of  the  towed  body. 

V Sway  angular  displacement  of  the  tow  cable  — cf. , Fig.  9. 
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TABLE  1.  EQUATIONS  OF  MOTION  OF  THE  TOW  CABLE 
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TABLE  2.  LATERAL  HYDRODYNAMIC  DERIVATIVES,  c’  AND  c'  OF  THE  TOW  CABLE 
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TABLE  3.  ASSUMPTIONS  PERTINENT  TO  SIMPLinED  SOLUTION 
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dynamic  behavior. 


TABLE  4.  REDUCED  EQUATIONS  OF  MOTION  OF  THE  LATERAL  DISPLACEMENT 


TABLE  5.  SIMPLIFIED  FLUTTER  AND  DIVERGENCE  CRITERIA  RESOLVED  ANALYTICALLY 

FROM  THE  ROUTH-HURWITZ  INEQUALITIES 


FIGURE  1.  STEADY  STATE  LOADS  ACTING  ON  THE  TOW  CABLE 
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FIGURE  2. 
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FIGURE  3.  LATERAL  LOAD- DISPLACEMENT  PROPERTIES 
TYPICAL  OF  THE  TOW  CABLE  (PART  2) 
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FIGURE  4.  FUNDAMENTAL  LATERAL  TRANSLATIONAL  AND  TWISTING  AMPLITUDE 
RATIOS  PERTINENT  TO  FLUTTER  TYPE  PERTURBATIONS 


CONFIDENTIAL 


FIGURE  5.  STRUCTURAL  FORCES  AND  PERTURBATIONS  PERTINENT  TO  THE 
MATHEMATICAL  MODEL  OF  THE  TOW  CABLE 
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FIGURE  9.  HYDROMECHANICAL  BEHAVIOR  IMPOSED  BY  THE  MECHANICAL 
BEHAVIOR  OF  THE  CABLE  ATTACHMENT  ASSEMBLY  IN  CONJUNCTION  WITH 
THE  SWAY  ANGULAR  DISPLACEMENT  OF  THE  TOW  CABLE 
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FIGURE  10.  FREEDOM  FROM  CABLE  ATTACHMENT  SWAY  ANGLE  DIVERGENCE 
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FIGURE  11.  DIVERGENCE  BOUNDARIES 
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FIGURE  12.  RELATIONSHIP  BETWEEN  THE  SECTIONAL  GEOMETRY  OF  THE  PRIMARY  TENSION  MEMBER  OF  THE 
CABLE  AND  THE  STRUCTURAL  COUPLING  PARAMETER  INFLUENCING  THE  CHORDWISE  SHIFT  OF  THE  TWIST  AXIS. 
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FIGURE  14.  STEADY  STATE  INPLANE  BENDING  MOMENT  OF  THE 
NAA  LINKED  TOW  CABLE. 
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SESSION  1.  Towed  Sysiem  Dynamics 

1)  It  was  suggested  that  Mr.  Lagasse's  stability  analysis  might  be  improved  if 
the  velocity  potential,  (t>,  of  the  towline  section  were  established.  The 
acceleration  pressures  over  the  surface  could  then  be  integrated  in  the  sway 
direction  about  the  center  of  cable  rotation. 

Mr.  Lagasse  explained  that  only  a small  section  of  the  towline  had  been 
examined. for  stability,  resulting  in  what  might  be  termed  a section  analysis, 
This  approach  had  been  necessary  since  the  analysis  had  to  be  performed  by 
hand.  The  so-called  swept  wing  portions  of  the  cable  were  not  examined,  al- 
though it  was  recognized  that  the  dominant  problem  was  the  stability  of  the 
entire  towline  configuration.  It  was  hoped  that  by  stabilizing  the  center 
section,  where  the  towline  angle  was  90°,  the  entire  towline  would  be  stable. 

2)  Present  investigations.  Dr.  Burroughs  pointed  out,  are  concerned  with  corre- 
lating computer  simulation  output  with  measured  sea  trial  data.  This  compara- 
tive analysis  encompasses  several  existing  Navy  towed  sonar  systems. 

Boeing's  choice  of  the  analog  over  the  digital  computer  was  explained  by 
Dr.  Burroughs.  Under  the  current  state  of  Boeing's  equipment,  there  would  be 
little  gained  in  the  use  of  the  digital  computer,  either  in  data  display  or  in 
observing  the  intricacies  of  the  problem.  Analog  simulation,  on  the  other  hano, 
made  it  possible  to  work  for  long  periods  on  the  problem  and  at  the  same  time 
to  observe  the  phenomena  being  analyzed.  This  was  in  contrast  to  digital  simu- 
lation in  which  you  were  fortunate  if  the  questions  you  had  forii,ulated  were 
answered  by  the  following  day  because  of  turn-around  time. 

3)  Dr.  Hegemier's  analysis  was  originally  derived  for  use  on  the  Boeing-II-type 
continuous  faired  towlines.  He  explained  it  would  be  possible,  however,  to 
apply  it  to  discontinuous  faired  towlines  such  as  the  hinged  North  American 
design.  This  could  be  done  by  first  examining  the  entire  system,  and  then 
looking  at  each  link  separately. 

« 

In  the  towline  configurations  under  consideration,  it  was  assumed  that  the 
towed  body  was  attached  to  the  end  of  the  towline  in  a manner  that  prevented 
its  movement  in  the  event  of  towline  divergence.  It  was  pointed  out  that  this 
assumed  arrangement  was  in  contrast  to  a possible  alternative  in  which  the 
towed  body  would  be  allowed  lateral  displacement.  Further  work  exploiting  a 
system  allowing  lateral  displacement  might  well  be  the  next  step  in  Dr.  Hege- 
mier's studies. 
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4)  Figure  7 0/  Mr.  Kanno's  paper  was  the  subject  of  lengthy  discussion.  The 
illustration  showed  the  stability  ratio  (the  distance  of  the  twist  center 
forward  of  the  hydrodynamic  center)  as  a function  of  towing  velocity.  The 
example  given  in  the  illustration  assumed  the  towline  to  be  the  North  Amer- 
ican design  and  the  towed  body  to  have  a weight  in  water  of  240  pounds.  The 
lift/drag  ratio  was  indicated  as  a third  parameter.  Unstable  (divergent) 
operation  was  shown  to  take  place  as  the  I.  of  the  body  decreased  past  a cer- 
tain critical  value.  It  was  pointed  0 out  that  although  the  abcissa 
and  ordinate  were  not  scaled,  the  graph  represented  the  properties  of  a phy- 
sical system  - that  is,  a faired  towline  of  a specific  size  and  a towed  body 
with  certain  physical  characteristics.  The  confusion  centered  on  the  infer- 
ence, on  first  examination,  that  the  only  variable  was  the  angle  between  the 
towline  and  the  towed  body  at  their  juncture.  Actually,  through  variation  of 
the  parameter  other  physical  characteristics  of  the  cable  body  system  were 
also  being  D varied. 
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INFLUENCE  OF  BODI  DESIGN  FEATURES  ON  TOWING  STABILITI 
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Fluid  Mechanics  Section 
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ABSTRACT 

This  paper  is  a first  progress  report  on  a parametric  study  of  very 
simple  towed  systems,  intended  to  provide  physical  insight  into  the  factors 
influencing  their  dynamic  stability.  It  should  be  treated  qualitatively  and  not 
employed  for  practical  design,  since  the  mathematical  models  are  over-simplified. 
These  early  results  identify  three  significant  and  three  unimportant  modes  of 
motion.  Of  the  former,  one  mode  essentially  depends  on  body  design  features, 
a second  depends  on  tewing  configuration  parameters,  and  the  third  is  influenced 
by  both  groups  of  variables. 


INTRODUCTION 

A sifliple  mathematical  model  has  been  proposed  for  simulating  the  behaviour 
of  tewed  systems,  based  on  linear  equations  of  motion. Although  this  model 
requires  much  development,  initial  results  of  its  use3  have  been  sufficiently 
encouraging  to  warrant  its  application  in  a parametric  study,  to  determine  the 
broad  influence  of  design  features  on  dynamic  stability. 

This  study  is  not  intended  for  practical  design  purposes,  but  rather  to 
provide  physical  insight  into  the  principal  mechanisms  involved  in  the  stability 
of  towed  bodies,  in  the  simplest  possible  terms.  Practical  bodies  and  cables  will 
involve  additional  mechanisms  and  in  some  cases  these  may  override  the  trends 
indicated  by  the  present  academic  study  of  simple  models. 

Following  a description  of  the  hypothetical  parent  towed  system  and  of  the 
nine  series  of  parameter  variations  studied,  root-locus  plots  are  discussed  for 
each  Sei*ies  in  turn  (Figs.  3 to  16),  In  every  case,  only  the  named  paraajeter  is 
changed;  all  other  variables  retain  the  design  value  of  the  parent  system.  The 
parent  design  conditions  are  identified  on  all  diagrams  by  the  solid  spots. 

Finally,  the  essential  characteristics  of  each  mode  of  motion  are 
summarized.  An  appendix  discusses  root-locus  plots  for  readers  unfamiliar  with 
their  use. 

This  work  is  continuing  and  the  paper  should  be  regarded  as  an  early 
progress  report. 


PARENT  SYSTEM 

The  parent  body  is  a simplified  model  of  MOBT  H^,  designed  to  achieve 
250  ft.  depth  at  40  knots  with  a limiting  steady  cable  tension  of  250OO  lb. 

♦ Superior  numbers  refer  to  siniilarly  nximbered  references  at  the  end  of  this  paper. 
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Series  III  and  IV  study  variations  of  cable  drag  coefficient  from  0.1  to  0.? 
and  body  downforce  from  3000  to  12000  lb.  Dovmforce  of  the  Depressed  Body  is 
decreased  by  reducing  L/v2,  maintaining  a constant  3000  lb,  weight.  Series  HI 
covers  longitudinal  modes,  Series  IV  covers  lateral-directional  modes. 

Series  V and  VI  study  variations  of  tail  area  and  tail  lever  ann  on  the  Depressed 
Body  only.  Series  V covers  longitudinal  modes  with  horizontal  tail  areas  from 
2.5  to  7,5  ft^  (at  constant  aspect  ratio)  and  lengths  (xh)  from  6,^  to  10,4  ft. 
abaft  the  tow  point.  Series  VI  covers  lateral-directional  modes  with  vertical 
tail  areas  from  8.0  to  24.0  ft^  (at  constant  aspect  ratio)  and  lengths  (xv) 
from  4.0  to  8.0  ft.  abaft  the  tow  point. 

Series  VII  studies  variations  of  tail  vertical  location  and  housing  lever  on  the 
Depressed  Body,  in  lateral-directional  modes.  The  hydrodynamic  centre  of  the 
vertical  tail  is  varied  from  1.8  ft.  above  the  towpoint  to  0.6  ft,  below  the 
towpoint.  Housing  levers  from  0 to  1,5  ft.  are  covered,  the  zero  case 
corresponding  to  a body  of  revolution. 

Series  VIII  and  IX  study  variation  of  wing  lift  coefficient.  Assuming  constant 
area,  L/V^  values  frcm  2,6?  to  0 are  taken  in  conjunction  with  body  weights 
from  0 to  12,000  lb,  such  that  the  total  downforce  remains  constant.  Series 
Vm  covers  longitudinal  modes,  Seid.es  IX  covers  lateral-directional  modes. 


SERIES  I 


HEAVHlf  DAKPED  SURGE  MODE 

In  general  there  are  three  longitudinal  modes,  of  which  one  is  non- 
oscillatory  in  all  Series  studied.  This  coniprises  a pair  of  heavily  damped 
convergences,  mainly  in  surge  but  with  some  heave  coupling.  Damping  in  this 
mode  is  strongly  affected  by  body  drag-area.  If  drag-area  is  significantly 
reduced  frcm  the  design  value  the  motion  may  become  oscillatory.  However, 
for  oodies  of  the  type  studied  this  mode  is  unlikely  to  result  in  significant 
motion  and  is  not  considered  further, 

SHORT  PERIOD  FITCH  MOia: 

The  two  oscillatory  modes  are  plotted  in  Fig.  3,  Of  these,  one  has  a 
high  frequency  (of  order  5 rad/sec  damped)  and  is  well  dairiped.  It  is  not 
influenced  by  cable  length  and  essentially  involves  the  body  pitching  about  its 
towpoint.  This  mode  does  not  exist  for  the  hypothetical  Weight  Bodies,  of 
course.  Its  damping  ratio  lies  between  0,7  and  1,0,  and  increases  when  the  wing 
is  fitted, indicating  a favourable  effect  associated  with  a large  increase  in 
heave  damping.  The  damping  ratio  is  unaffected  by  speed,  but  the  natural 
frequency  is  strongly  speed  dependent,  particularly  when  the  wing  is  fitted. 

In  fact,  the  natural  frequency  increases  roughly  linearly  with  speed.  Because 
of  the  high  damping,  this  mode  is  unlikely  to  be  significant  in  practice, 

LONG  PERIOD  HEAVE  MODE 

The  most  Important  mode  is  a damped  oscillation  having  a low  frequency 
(of  order  0.5  rad /sec.)  and  a damping  which  Varies  greatly  with  cable  length. 
This  is  primarily  a heaving  motion,  although  surge  and  pitch  coupling  can  be 
important. 


105 


f 


Damping  Increases  rapidly  with  cable  length,  going  supercritical  by  600 
ft,  in  the  case  of  the  Wingless  Body  and  the  3000  lb.  Weight,  Conversely,  in 
the  case  of  the  Depressed  Body  and  the  12000  lb.  Weight,  the  damping  is 
becoming  unsatisfactorily  light  at  short  cable  lengths.  Clearly  the  angle  of 
depression  of  the  cable  plays  an  important  role  in  this  mode.  It  is  interesting 
that  cable  length  has  a comparatively  minor  effect  on  the  undamped  natural 
frequency. 

The  effect  of  speed  differs  radically  with  the  Depressed  and  the  Wingless 
Bodies,  In  the  latter  case,  damping  increases  rapidly  with  speed,  becoming 
super-critical  by  60  knots , while  there  is  little  change  in  natural  frequency. 
With  the  Depressed  Body,  however,  the  primary  effect  is  an  increase  of  frequency 
with  speed,  while  damping  actually  decreases  slightly.  This  difference  is 
mainly  due  to  the  angle  of  depression  of  the  cable,  which  decreases  much  more 
rapidly  with  speed  in  the  case  of  the  Wingless  Body, 


SERIES  H 

SHORT  PERIOD  YAW  MODE 

In  general  there  are  three  lateral  modes,  all  of  which  are  oscillatory. 

They  are  plotted  in  Figs,  4 and  5*  One  has  a high  frequency  (of  order  5 rad /sec, 
damped)  and  is  nearly  critically  damped.  It  is  not  influenced  by  cable  length 
and  essentially  involves  the  body  yawing  about  its  towpoint.  This  mode  does 
not  exist  for  the  hypothetical  Weight  bodies,  of  course.  The  damping  ratio  is 
unaffected  by  speed,  but  the  natural  frequency  is  strongly  speed  dependent.  In 
fact,  the  natural  frequency  increases  roughly  linearly  with  speed.  Presence  or 
absence  of  the  wing  has  little  effect  on  this  mode  except  for  a slight 
favourable  contribution  due  to  roll  damping.  Because  of  the  high  damping,  this 
mode  is  unlikely  to  be  significant  in  practice, 

COUPLED  ROLL-YAW  MOIB  !l, 

The  second  mode  has  an  intermediate  frequency  (of  order  1 rad/sec)  and 
a damping  wldch  varies  greatly  with  speed.  This  is  a coupled  roU-yaw  motion, 
scmewhat  analagous  to  the  Dutch  roll  of  an  aircraft,  and  is  essentially  a body 
mode,  being  affected  little  by  cable  length. 

The  Wingless  Body  exhibits  instability  in  this  mode  at  all  speeds,  the 
rate  of  divergence  increasing  with  speed.  When  a hypothetical  skeg  is  added  to 
increase  the  roll  damping,  this  characteristic  is  reversed  and  the  locus  becomes 
similar  to  that  shown  for  the  Depressed  Body,  the  wing  of  which  provides  the 
necessary  roll  damping.  The  damping  ratio  for  the  Depressed  Body  increases 
rapidly  with  speed,  becaning  supercritical  by  60  knots.  The  effect  of  speed 
on  natural  frequency  is  not  large.  Cable  length  has  a very  minor  influence  on 
the  Depressed  Body  and  a negligible  effect  on  the  Wingless  Body, 

It  is  likely  that  this  will  be  found  to  be  the  mode  most  sensitive  to 
detailed  design  features  of  a towed  body,  and  it  requires  further  study. 
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LONG  PERIOD  KITING  MOEE 

The  third  mode  is  a damped  oscillation  having  a low  frequency  (of  order 
0,5  rad/sec)  and  relatively  light  and  variable  damping.  This  is  primarily  a 
swaying  motion,  although  roll  and  yaw  coupling  can  be  Important;  pendulous 
kiting  is  perhaps  the  best  description. 

The  primary  effect  of  cable  length  is  on  damping,  which  is  becoming 
unsatisfactorily  light  at  short  cable  lengths,  particularly  in  the  case  of  the 
Depressed  Body,  There  is  a secondary  effect  on  the  undamped  natural  frequency, 
which  decreases  with  Increasing  cable  length. 

For  the  realistic  bodies  the  primary  effect  of  speed  is  on  the  natural 
frequency,  which  increases  with  speed.  However,  in  the  case  of  the  Depressed 
body,  beyond  Uo  knots  ther«  is  a sudden  collapse  of  damping,  and  the  mode  goes 
unstable  at  about  50  knots.  This  is  mainly  the  result  of  vinfavourable  sway-roll 
coupling,  caused  by  the  fact  that  wing  lift  rolls  with  the  body,  and  this  lift 
dominates  the  downforce  at  high  speeds.  It  is  this  effect  in  this  mode  which  is 
most  likely  to  Impose  a limit  on  towing  speeds  attainable  in  practice  without 
the  use  of  automatic  controls;  the  mode  demands  further  study. 


SERIES  TTT 

SHORT  PERIOD  PITCH  MODE 

As  indicated  in  Fig,  6,  this  mode  is  unaffected  by  cable  drag  coefficient, 
and  affected  very  little  by  downforce, 

LONG  PERIOD  HEAVE  MODE 

The  effect  of  cable  drag  coefficient  is  quite  similar  to  the  effect  of 
speed  discussed  in  Series  I.  At  loi^  depression  angles  of  ballasted  bodies, 
damping  increases  rapidly  with  cable  drag,  becoming  supercritical  by  a Or  of 

0. 3,  With  the  Depressed  Body,  however,  the  primary  effect  is  an  increase  of 
natural  frequency  with  cable  drag  coefficient. 

The  importance  of  depression  angle  in  this  mode  is  well  illustrated  by  the 
effect  of  downforce,  particularly  in  the  case  of  the  tiypothetlcal  Weight  Bodies, 
These  show  a rapid  decrease  of  damping  as  downforce  increases,  with  negligible 
change  in  natural  frequency.  There  is  an  indication  that  very  heavily  ballasted 
bodies  may  encounter  inadequate  damping  if  towed  with  very  low  drag  cables. 

When  added  to  the  effect  of  short  cable  lengths  at  low  speeds  discussed  in  Series 

1,  this  is  clearly  a point  to  watch  in  future  system  designs. 


SERIES  IV 

SHORT  PERIOD  YAW  MODE 

Fig,  7 shows  that  neither  cable  drag  coefficient  nor  body  downforce  have 
any  noticeable  influence  on  this  mode,  as  might  be  expected. 


107 


COUPLED  ROLL-YAW  KODE 


Since  this  is  also  essentially  a mode  governed  by  body  characteristics, 
it  is  not  surprising  to  find  that  cable  drag  coefficient  has  little  effect. 

There  is  a small  decrease  in  natural  frequency  as  cable  drag  increases. 

On  the  other  hand,  reduction  of  downforce,  which  is  a reduction  of  wing 
lift  on  the  Depressed  Body,  causes  an  Important  decrease  in  damping  and  increase 
in  frequency,  similar  to  that  caused  by  reduction  of  speed.  It  is  inteiresting 
to  note  that  the  only  difference  oetween  the  Depressed  Body  at  a downforce  of 
3000  lbs.  and  the  Wingless  body  is  the  damping  effect  of  the  wing,  since  this  is 
not  developing  any  lift  in  this  condition;  yet  the  Depressed  Body  remains  stable 
at  3000  lbs.  whereas  the  Wingless  Body  was  badly  unstable  at  ^ knots.  (Fig.h) 

LONG  PERIOD  KITING  MODE 

Fig.  8 indicates  that  the  major  effect  of  increased  cable  drag  coefficient 
on  this  mode  is  to  increase  the  natural  frequency.  There  is  a secondary  Increase 
in  damping  with  cable  drag. 

It  appears  that  changes  of  downforce  have  a negligible  effect  on  the 
damping,  but  this  could  be  a misleading  conclusion.  If  the  dcwnfoz*ce  of  the 
Depressed  Body  had  been  increased  beyond  12000  lbs.  by  increasing  wing  lift, 
it  is  expected  that  the  damping  would  begin  to  fall  off  rapidly,  the  curve 
turning  over  in  a similar  manner  to  the  effect  of  high  speed  shown  in  Fig.  5« 

Comparison  of  the  effect  of  increased  downforce  on  natural  frequency  on 
the  Weight  Body  and  the  Depressed  Body  shows  opposite  trends.  For  the  Weight 
Body  the  decrease  of  natural  frequency  with  mass  is  the  dominant  effect. 

However,  in  the  case  of  the  Depressed  Body  there  is  no  change  in  mass  since 
the  additional  downforce  is  achieved  with  wing  lift  alone.  The  increased  cable 
spring  Constant  and  increased  sway-roll  coupling  are,  therefore,  the  Important 
effects. 


No  plot  is  shown  for  the  Wingless  Body.  The  results  are  not  meaningful 
because  of  the  instability  of  the  body  in  the  roll- yaw  mode. 


SERIES  V 


SHORT  PERIOD  PITCH  HOPE 

The  primary  effect  of  Increasing  horizontal  tail  length  and  area  on  this 
mode  is  a moderate  increase  in  natural  frequency.  Damping  increases  a small 
amount  as  length  or  area  are  reduced  below  the  design  value  but  becomes 
relatively  constant  for  increases  in  length  and  area  above  the  design  point. 

In  apy  event  the  effect  of  large  changes  in  horizontal  tail  length  and 
area  are  probably  not  significant  since  the  Depressed  Body  is  so  well  damped 
in  this  mode. 

LONG  PERIOD  HEAVE  MODE 

Fig.  9 shows  that  Increased  horizontal  tail  length  results  in  increased 
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natural  frequency  with  little  effect  on  damping  from  6.4»  to  10. with  this 
effect  becoming  less  significant  at  the  higher  values. 

Increased  horizontal  tail  area  leads  to  a reduction  in  damping,  but  this 
becomes  less  sensitive  as  area  is  increased  beyond  the  design  value. 

However,  these  design  features  of  the  Depressed  Body  appear  comparatively 
unimportant  in  this  mode.  This  may  not  be  true  of  ballasted  bodies  having 
significantly  less  heave  damping. 
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SERIES  VI 


SHORT  PERIOD  YAW  MODE 

Fig.  10  shows  that  this  mode  is  not  sensitive  to  vertical  tail  length 
around  the  design  value,  but  damping  increases  with  excessive  length,  becoming 
supercritical  by  8 ft.  Large  changes  in  vertical  tail  area  have  little 
significant  effect  but  a trend  to  slightly  decreased  damping  is  evident  with 
increase  in  area.  In  any  event,  this  mode  is  not -likely  to  be  of  practical 
importance  since  it  is  well  damped, 

OpriPTED  RQLL-YAW  MODE 

As  expected,  this  mode  is  very  sensitive  to  vertical  tail  length  and 
area.  The  body  goes  unstable  when  the  length  is  reduced  to  5.6  ft.,  or  the 
area  to  13  ft2,  and  around  and  below  these  values  the  effect  is  wholly  on 
daniping.  Beyond  5.7  ft.  or  14  ft2  however,  natural  frequency  Increases  rapidly 
with  tail  length  or  area  and  the  change  in  damping  is  not  so  significant. 

The  overall  shape  and  trend  of  the  root  loci  are  similar  to  those  which 
arise  with  changing  static  directional  stability  and  the  effect  of  tail  length 
and  area  on  this  fundamental  derivative  appears  to  be  the  significant  factor, 

LONG  PERIOD  KITING  HOPE 

The  effect  of  vertical  tail  length  or  area  on  this  mode  is  almost  opposite 
to  the  effect  on  the  coupled  roll-yaw  mode,  as  seen  in  Fig.  11.  At  small  tail 
lengths  or  areas,  damping  decreases  rapidly  vfith  Increasing  tail  length  or  area, 
but  beyond  5.7  ft  or  14  ft^,  it  reaches  a minimum  value  and  it  is  then  the 
natural  frequency  which  decreases  with  increasing  tail  length  or  area.  Practical 
design  will  demand  a caireful  comparison  of  behaviour  in  the  long  kiting  and  roll- 
yaw  modes,  and  further  study  of  the  above  effects  is  required. 


SERIES  VII 

SHORT  PERIOD  YAW  MODE 

Fig.  12  shows  that  the  depth  of  the  oody  housing  has  a small  and 
unimportant  effect  on  the  damping  and  natural  frequency  of  the  short  yaw  mode. 

Damping  tends  to  decrease  initially  with  vertical  tail  height  but  beyond 
+ 0,6'  reniains  relatively  constant  while  natural  frequency  increases.  Overall 
effect  of  tail  height  appears  relatively  unimportant  in  this  mode  since  it  is 
well  daciped  for  all  cases  considered, 
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flOTTPrm  POLL.YAW  MODE 

Housing  depth  has  an  Important  effect  on  the  coupled  roll-yaw  mode,  as 
would  oe  expected.  From  the  zero  value  appropriate  to  a body  of  revolution,  up 
to  the  design  value,  the  cMnge  is  essentially  one  of  decreasing  natural 
frequency,  but  beyond  the  design  value,  damping  is  Improved  as  the  frequency 
continues  to  decrease. 


The  trend  for  vertical  tall  height  variation  is,  not  surprisingly,  very 
similar  to  that  for  housing  depth, for  positive  values.  Increasing  negative  values 
cause  an  increase  in  damping  and  frequency. 


LONG  PERIOD  KITING  MODE 

Fig.  13  shews  that  housing  depth  has  an  impoirtant  effect  on  the  damping 
of  the  long  kiting  mode,  which  decreases  continuously  with  increasing  housing 
lever,  going  unstable  by  1,5  ft.  The  effect  on  natural  frequency  is  secondary. 
Again  it  is  noted  that  the  effects  on  this  and  the  roll-yaw  mode  tend  to  be 
opposite,  requiring  careful  study  and  compromise  in  practical  design. 

The  effect  of  vertical  tail  height  is  similar  except  for  an  initial 
increase  in  frequency  with  little  change  in  damping  ratio  for  positive  values. 
Note  that  the  mode  becomes  unstable  at  approxiDiately  + 1,^  ft. 

Instability  resulting  from  too  much  vertical  tail  height  or  body  housing 
depth  can  be  readily  explained  by  increased  rolling  moment  due  to  sideslip, 

A similar  instability  can  be  expected  at  negative  values  of  tail  height 
beyond  those  studied.  In  fact,  this  effect  has  been  demonstrated  in  an  NRE 
tewing  trial  of  a body  with  inverted  vertical  tail. 


' STOTES  VTTT 

SHORT  PERIOD  FITCH  MODE 

Fig.  lU  shows  that  the  proportion  of  the  downforce  taken  by  the  wing  has 
[ a ffioderate  effect  on  the  short  pitch  mode.  Both  frequency  and  damping  are 

influenced  by  cross  coupling  effects  with  surge  and  heave.  Since  damping  is 
close  to  crttical  for  all  values  of  L/v2,  these  effects  are  unlikely  to  have 
practical  significance. 


LONG  PERIOD  HEAVE  MODE 

The  influence  of  l/V^  on  the  long  period  heave  mode  is  surprisingly 
moderate.  Both  damping  and  natural  frequency  decrease  as  l/v2  is  increased, 
due  to  cross-coupling  with  surge  and  pitch.  As  will  be  seen  in  the  next  series, 
these  effects  are  of  little  importance  compared  with  corresponding  effects  on 
the  lateral  modes. 
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SERIES  IX  j 

SHORT  FERIOD  YAW  KODE  i 

•) 

Fig,  15  shows  that  the  proportion  of  downforce  taken  by  the  wing  has  no  ^ 
effect  on  the  short  period  yaw  mode, 

C9UFTRD  POLL-YOI  MODE 

The  proportion  of  down-force  taken  by  the  wing  has  a radical  effect  on 
the  damping  of  this  mode,  and  a significant  effect  on  natural  frequency.  Indeed  \ 
the  danjping  changes  all  the  way  from  negative  values  below  an  L/V^  of  about  | 

1,0 » to  super-critical  at  an  l/v2  of  about  2,2,  The  effect  is  similar  to  that 
of  speed  shown  in  Series  II,  and  it  demonstrates  alniost  the  same  order  of 
instability  at  L/v2  = 0 as  shown  by  the  Wingless  Body  under  design  conditions. 

As  L/v2  is  decreased,  the  corresponding  addition  of  weight  causes  a 
large  Increase  in  the  rolling  mcxaent  due  to  roll,  which  decreases  the  damping 
ratio  and  Increases  natural  frequency, 

LONG  FERIOD  KITIMG  MOIffi 

Fig,  16  shoi-rs  that  the  effect  of  L/V^  is  similar  to  that  of  speed,  and 
again  opposes  its  effect  on  the  roll-yaw  mode.  Up  to  the  design  value  an 
increasing  natural  frequency  is  the  primary  effect,  but  beyond  the  design  value 
the  curve  turns  over  rapidly  and  damping  ratio  drops  off,  producing  instability 
beyond  an  L/V^  of  about  2,15,  Careful  design  will  be  required  to  achieve 
satisfactory  behaviour  in  both  the  roll-yaw  and  the  kiting  modes. 


SUM^lARY  OF  MODES  ^ 

HEAVILY  DAi^iPED  SURGE  MOffi 

One  of  the  longitudinal  modes  is  non-oscillatory  in  all  cases  studied,  j 
This  mode  is  unlikely  to  result  In  any  significant  motion,  unless  future  bodies  , 
achieve  drags  much  lower  than  the  assumed  values, 

SHORT  PERIOD  PXTCH  MODE 

One  of  the  two  oscillatory  longitudinal  modes  has  a high  frequency  (of 
order  5 rad/sec,  damped)  and  is  always  well  damped  (ratio  greater  than  0,7), 

It  is  independent  of  cable  length  and  cable  drag  coefficient  and  involves  the 
body  pitching  about  its  own  towpoint.  Its  damping  is  affected  by  wing  L/V^, 
horizontal  tail  length  and  area,  but  none  of  these  variations  are  too 
significant  for  the  Depressed  Body,  being  confined  to  the  region  of  high 
damping.  Removing  the  wing  completely  shows  the  largest  reduction  in  damping. 

The  undamped  natural  frequency  of  this  mode  is  most  sensitive  to  speed. 
Increasing  roughly  linearly  with  speed.  It  also  inci*eases  somewhat  with 
Increasing  wing  L/v2,  horizontal  tail  length  and  area,  but  these  effects  are 
unlikely  to  be  significant. 


In  summary,  this  is  a body  mode.  Its  damping  is  always  satisfactory. 


not  significantly  affected  by  any  of  the  variables  studied.  Its  undamped 
natural  frequency  is  a linear  function  of  speed,  the  only  variable  significantly 
influencing  this  mode. 

LONG  PERIOD  HEAVE  MODE 

The  jnost  Inportant  longitudinal  mode  is  an  oscillation  having  a low 
frequency  (of  order  0,5  rad/sec)  and  a damping  which  varies  significantly  with 
towing  conditions.  This  is  primarily  a heave  motion,  although  surge  and  pitch 
coupling  can  be  important. 

This  mode  is  not  very  sensitive  to  Depressed  Body  design  features  such 
as  horizontal  tail  length  and  area  or  wing  L/V^,  Its  dao.ping  is  Diainly  controlled 
by  cable  configuration  paranieters.  Specifically,  damping  falls  off  with  body 
trail,  as  cable  length  decreases  or  as  the  depression  angle  is  increased  by 
downforee,  or  by  reduced  speed  or  cable  drag  in  the  case  of  ballasted  systems. 

The  damping  can  vary  from  super-critical  with  long  cable  lengths  at  shallow 
depression  angles,  to  barely  adequate  with  short  cable  lengths  at  deep  depression 
angles.  Very  heavy  bodies  may  be  Inadequately  damped  at  lew  speed  when  towed 
with  very  lew  drag  cables.  Moreover,  boebr  design  features  n»ay  have  a greater 
effect  on  ballasted  bodies.  The  effect  of  all  variables  on  undamped  natural 
frequency  is  comparatively  unimportant. 

This  is  a towing  configuration  mode  which  dwaands  further  study;  its 
behaviour  is  ccmplex,  even  for  the  simple  models  adopted  here, 

SHORT  PERIOD  YAW  MQPE 

Of  the  three  oscillatory  lateral-directional  modes,  one  has  a high 
frequency  (of  order  5 rad/sec,  damp>ed)  and  is  nearly  critically  damped.  It  is 
independent  of  cable  length,  cable  drag  coefficient,  body  downforee  and  wing 
L/v2,  and  involves  the  body  yawing  about  its  own  towpoint.  Its  damping  is 
affected  by  vertical  tall  length,  height  and  area,  and  by  housing  lever,  but 
none  of  these  variations  are  too  significant,  for  the  Depressed  Body,  being 
confined  to  the  region  of  near-critical  dsaiping. 

The  undamped  natural  frequency  of  this  mode  is  most  sensitive  to  sp>eed, 
increasing  roughly  linearly  with  speed.  Other  effects  on  natural  frequency  are 
not  significant. 

In  summary,  this  is  a body  mode.  Its  damping  is  always  near  critical, 
not  significantly  affected  by  any  of  the  variables  studied.  Its  undamped  natural 
frequency  is  a linear  function  of  speed,  the  only  vairiable  significantly 
influencing  this  mode. 

COUPLED  ROLL-YAW  MODE 

An  Important  lateral-directional  mode  has  an  inteiruediate  frequency  (of 
order  1 rad/sec)  and  a damping  which  varies  greatly  with  speed  and  body  design 
features.  This  is  a coupled  roll-yaw  motion,  similar  to  aircraft  IXitch  roll, 
and  is  essentially  a body  mode,  affected  little  by  cable  length  or  cable  drag 
coefficient. 
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Daiaping  is  very  sensitive  to  wing  L/V^,  ranging  from  negative  with  no 
wing  fitted,  to  super-critical  for  L/V^  values  slightly  greater  than  the  design 
value.  A similar  trend  is  ootained  by  varying  speed  at  constant  L/V^,  Both 
damping  and  frequency  are  also  sensitive  to  vertical  tail  length,  height  and 
area,  and  to  housing  lever,  in  a complex  manner  which  requires  further  study. 

This  appears  to  oe  the  mode  #iich  is  most  sensitive  to  detailed  design 
features  of  the  body,  and  must  be  carefully  studied  in  any  practical  design 
because  the  effect  of  many  features  on  this  mode  is  opposite  to  their  effect  on 
the  Long  Period  Kiting  Mode,  and  careful  comproiriise  may  be  demanded. 


Of  equal  importance  is  an  oscillation  having  a lew  frequency  (of  order 
0,5  rad/sec)  and  relatively  light  and  variable  damping.  This  Is  primarily  a 
swaying  or  kiting  motion,  although  roll  and  yaw  coupling  are  Important,  and  the 
mode  is  influenced  almost  equally  by  cable  configuration  parameters  and  body 
design  features. 

For  the  Depressed  Body,  the  primary  influence  on  dainping  Is  cable  length, 
and  wing  lifts  exceeding  the  design  value,  obtained  either  through  high  speed  or 
increased  L/V^,  Large  vertical  tail  height  (positive  or  negative)  or  housing 
lever  can  also  cause  serious  loss  of  damping. 

Below  design  values,  speed  and  wing  L/V^  primarily  affect  natural 
frequency,  but  as  wing  lift  beccxies  a large  fraction  of  the  total  downforce  a 
rapid  damping  loss  occurs^ and  it  is  this  effect  which  is  most  likely  to  impose 
a limit  on  towing  speeds  attainable  without  the  use  of  automatic  controls. 

This  decrease  of  damping  with  high  lift  is  opposite  to  the  effect  in  the 
Coupled  Roll-Taw  mode,  denianding  careful  compromise  in  the  selection  of  wing  size. 
The  vertical  tail  effects  are  similar  in  that  they  too  cause  opposite  trends  in 
the  damping  of  the  two  modes. 

In  summary,  this  mode  cannot  be  attributed  to  either  the  body  or  the  tewing 
configuration.  Its  behaviour  is  influenced  equally  by  both  groups  of  variables, 
and  body  variables  tend  to  produce  opposing  effects  in  this  and  the  Coupled 
Roll-Taw  Mode,  It  demands  careful  further  study. 


Although  this  work  is  incomplete  and  the  models  employed  are  greatly 
over-sixTiplified,  some  tentative  conclusions  can  be  reached  for  depressed  bodies, 
at  least  in  a qualitative  sense, 

1)  Of  the  six  modes  of  motion  exhibited  by  these  models,  three  are  likely 
to  be  significant,  and  three  insignificant,  for  depressed  bodies  of  the 
type  studied. 

2)  The  three  insignificant  modes  are;- 

(a)  Heavily  Damned  Surge  Mode,  which  is  non-oscillatory  under  all 
conditions  investigated, 

(b)  Short  Period  Pitch  Mode.  '>;hich  is  a well  damped  body  mode,  its 
undamped  natural  frequency  varying  linearly  with  speed. 


(c)  Short  Period  Yaw  Mode,  which  is  a well  damped  body  node,  its 
undamped  natural  frequency  varying  linearly  with  speed. 

3)  The  Long  Period  Heave  Mode  is  a towing  configuration  mode,  affected 
little  by  body  design  details.  Its  damping  is  sensitive  to  cable  length 
and  other  parameters  affecting  body  trail  or  system  depression  angle. 
Heavily  ballasted  bodies  towed  at  low  speeds  on  low  drag  cables  may  be 
inadequately  damped  at  short  cable  lengths. 

The  Coupled  Roll-Yaw  Mode  is  the  most  sensitive  body  design  mode, 
affected  little  by  cable  configuration  variables.  Its  damping  is 
sensitive  to  wing  and  vertical  surface  parameters,  and  bodies  with  low 
roll  damping  have  shewn  instabilities  in  this  mode.  Since  trends  tend 
to  oppose  those  in  the  Long  Period  Kiting  Mode,  careful  study  is 
demanded. 

5)  The  Long  Period  Kiting  Mode  is  sensitive  to  ^th  tawing  configuration 
and  boc^y  design  variables.  Its  damping  is  sensitive  to  cable  length 
and  to  wing  and  vertical  surface  parameters.  In  particular,  large  wing 
lift  (in  relation  to  ballast)  can  cause  Instability  in  this  mode,  as 
can  excessive  vertical  surfaces.  Since  trends  tend  to  oppose  those  in 
the  Coupled  Roll-Yaw  Mode,  careful  study  is  demanded. 


APPENDIX 

(For  readers  unfamiliar  with  root-locus  plots.) 

Consider  a simple  second  order  dynamic  system  such  as*. 

**  , 

mx  + px  + kx  * 0 

where  m is  the  system  mass,  the  damping  coefficient  and  k the  spring 
constant. 


then  the  equation  may  be  written, 

• • • 2 

This  has  solutions  in  the  form,  x = Xq  eP^,  where  p is  a root  of  the 
characteristic  equation. 

These  "stability  roots"  are,  therefore, 

P ’ -C®n  ± 

A system  of  simultaneous  linear  equations  will  have  pairs  of  roots  of 
this  fora,  each  pair  defining  a mode  of  motion.  The  ccmplex  plane  is  a 
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convenient  means  of  displaying  these  roots,  ie,  a plot  of  the  Imaginary  part 
(B_  /I  - against  the  real  part  The  location  of  the  root  on  this 

diagram  imDiediately  indicates  the  nature  of  the  mode.  For  example;- 

(a)  C ^ imaginary  part  exists,  and  the  real  part  is  positive, 

A root  on  the  positive  real  axis  tlius  represents  a non-oscillatory 
divergence , 

(b)  If  -1,0  < ^ < 0,  there  are  positive  real  and  Imaginary  parts,  A root 

in  the  first  quadrant  ^thus  represents  a divergent  oscillation,  of 
frequency  (djj  Jl.  - ' , and  exponential  coefficient  -^1%. 

(c)  If  ^ = 0,  there  is  a positive  imaginary  part  but  the  real  part 

is  zero,  A root  on  the  imaginary  axis  thus  represents  an  undamped 
oscillation  of  frequency,  uin* 

(d)  If  0 r < 1,0,  there  is  a positive  imaginary  part  and  a negative  real 
part,  A root  in  the  second  quadrant  thus  represents  a convergent 
oscillation,  of  frequency  tu^^yi  - (^\  and  exponential  coefficient 

(e)  C i Imaginary  part  exists  and  the  real  part  is  negative, 

A root  on  the  negative  real  axis  thus  represents  a non-oscillatory 
convergence , 

In  summary,  the  abscissa  (-fun)  meas'ipes  the  rate  of  divergence  if 
positive,  or  convergence  if  negative,  and  the  ordinate  (®n  /l  - is  the 

actual  frequency  of  oscillation.  It  will  also  be  seen  that,  if  the  diagram 
is  read  in  polar  coordinates,  the  radius  vector  is  the  natural  or  undamped 
frequency  («^) , while  the  vectorial  angle  is  a measure  of  damping  (r)  in 
the  second  quadrant.  Specifically,  if  the  radius  vector  is  inclined  at  f 
to  the  negative  ireal  axis,  =»  cos  i. 
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FIG.  17  CHARACTERISTICS  OF  COMPLEX  PLANE  ROOTS 
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SUMMARY 

Development  of  a towed  body  is  described  in 
some  detail.  Relevant  model  and  full  scale 
results  are  presented.  It  is  concluded  that 
the  design  should  meet  all  of  the  hydro- 
dynamic  requ i rements . 
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1.0  I NTRODUCT I ON 
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The  Sonar  Improvement  Program  for  R.C.N.  Destroyer 
Escort  Vessels,  designated  DIANA  I,  has  many  aspects.  One 
of  these  is  a research  and  development  project  on  a towed 
body  to  house  the  transducer.  Fol lowing  a request  from 
the  Canadian  Department  of  National  Defence,  dated  25  March, 
1963,  the  Ship  Section  of  the  National  Research  Council 
undertook  to  carry  out  Phase  I of  this  project,  i.e.,  the 
hydrodynamic  design  and  model  testing  of  the  towed  body. 

The  preliminary  design,  small  model  tests  (1/24  scale) 
and  analog  computer  studies  were  complete  in  February  1964 
and  industrial  contract  was  placed  by  the  Department  of 
National  Defence  for  the  construction  of  two  bodies.  In 
parallel  with  the  construction  extensive  1/4  scale  model 
tests  were  carried  out.  These  included  drag  and  static 
derivative  measurements,  evaluation  of  dynamic  derivatives 
using  an  oscillating  mechanism  and  finally,  in  October  1965, 
an  instrumented  1/4  scale  model  towing  trial. 

In  February  1965,  DND  requested  that  Ship  Section, 

NRC,  should  prepare  instrumentation  and  carry  out  the  full 
scale  hydrodynamic  evaluation.  The  first  phase,  essentially 
a calm  water  trial,  was  completed  in  December  1966.  Further 
trials,  in  rough  seas,  are  scheduled  for  early  1967. 


2.0  SPECIFIED  DESIGN  REQUIREMENTS 

The  basic  requirement  was  to  design  a hy d rod y nam i ca  I I y 
suitable  body  to  contain  a transducer  4 ft  in  diameter 
X 4 ft  high.  Essentially  the  hydrodynamic  specifications 
were : 

(a)  Low  drag  (about  3200  lbs  at  25  knots). 

(b)  Minimum  pitch  response  (3  degrees  r.m.s. 
pitch  amplitude  in  sea  state  5). 

(c)  Good  tracking  in  high  speed  ship  manoeuvers 

(d)  Directional  stability  in  sem i -su bmerged  state. 

However  there  were  additional  restrictive  physical 
requ i rements . The  maximum  length  was  limited  to  18  ft, 
maximum  width  and  height  to  6-1/2  ft,  maximum  weight  in 
water  10,000  lbs.  To  isolate  the  transducer  from  ship 
propeller  noise  a horizontal  accoustic  baffle  was  required 
above  the  transducer  and  extending  asfar  as  possible  ahead 
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of  it.  As  an  ultimate  design  goal  a baffle  extension 
approaching  100"  ahead  of  the  transducer  mid-point  was 
stated  to  be  desirable  although  it  was  noted  that  this  was 
likely  to  be  impractical  within  the  size  limitations.  A 
spillway,  capable  of  emptying  all  the  entrained  water  in 
5 seconds,  was  also  to  be  incorporated  in  the  design. 


,0  DES  IGN  PHI LOSOPHY 

Faced  with  the  above  requirements  it  is  clear  that 
there  could  be  as  many  solutions  as  there  are  designers. 

In  practice  important  guidelines  tend  to  be  set,  in  the 
early  stages,  on  the  basis  of  organisational  experience 
and  preference.  Also,  in  context  with  the  complete  DIANA  I 
program,  accoustic  and  operational  handling  aspects  were 
monitored  by  other  groups.  Thus  the  hydrodynamic 
considerations  were  dominant  in  the  NRC  approach  to  the 
problem  and  it  was  viewed  primari  ly  as  a requirement  for 
a low  drag  body  which  would  have  a dynamic  behaviour  that 
could  be  estimated,  in  advance,  with  reasonable  certainty. 
For  both  these  reasons  and  because  of  the  obvious 
structural  and  dynamic  load  advantages  it  was  decided,  in 
the  first  instance,  to  start  with  a body  of  revolution. 

The  requirement  for  good  tracking  during  high  speed 
ship  manoeuvers,  it  was  intuitively  felt,  also  favoured  a 
body  of  revolution  since  it  appeared  less  susceptible  to 
side  loading  than  the  more  usual  slab  sided  body. 

Requirements  of  accoustic  baffle  length  and  static 
stability  indicated  that  the  maximum  18  ft  length  should 
be  used.  Preliminary  drag  estimates  were  obtained  by 
extrapolating  the  data  (I)  on  the  TMB  Series  58  shapes  and 
it  appeared  that  a body  with  maximum  diameter  6 ft  would 
meet  the  requirements  and  provide  an  acceptable  accoustic 
baffle. 

The  available  towed  body  literature  offered  little 
guidance  on  what  constitutes  good  design  practice  from  the 
viewpoint  of  minimum  pitch  response.  Preliminary  estimates 
of  fin  requirements  were  based  on  the  unsophisticated  but 
reasonable  premise  that,  in  the  pitch  mode,  by  analogy  with 
a damped  spring-mass  system  the  body  should  have  a soft 
spring  with  high  damping.  Following  detailed  estimates  of 

"Superior  numbers  refer  to  similarly-numbered  references 
at  the  end  of  this  paper." 
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fin  requirements  for  static  stability  and  drag  of  the  body 
plus  fins  it  was  decided  to  proceed  with  a design  based  on 
the  TMB  Series  58-40-05-01-30  body  (Fig.  I). 

The  approach  adopted  was  basically  experimental  and 
wherever  possible,  throughout  the  entire  development,  model 
tests  were  carried  out  to  confirm  or  refine  analytical 
estimates.  This  experimental  approach  was  possible  because 
the  required  facilities  were  readily  available  and  was 
considered  necessary  at  the  current  state  of  the  art  in  this 
comp  lex  field. 


DEVELOPMENT 

4.1  Model  Tests  1/24  Scale: 

The  first  series  of  tests  were  made  in  the  NRC  Water 
Tunnel  on  a brass  model  of  maximum  diameter  3 inches.  The 
tunnel  has  a 20  inch  x 20  inch  working  section  and  a maximum 
speed  of  42  ft/sec.  A three-component  balance  was  set  up 
to  measure  drag,  side  force  and  yawing  moment.  The  bare 
body  and  a variety  of  fin  geometries,  simply  constructed  of 
1/16  inch  brass  plate,  were  tested.  From  this  series  a 
fin  arrangement  evolved  which  appeared  to  have  acceptable 
drag  and  stability  character i st i cs , and  which,  it  was 
thought,  would  give  high  damping  in  both  pitch  and  roll. 

A 1/24  scale  mahogany  model  with  flat  plate  1/16  inch 
bakelite  fins  (Fig.  2)  of  this  arrangement  was  then 
constructed.  The  purpose  of  this  model  was  to  obtain 
qualitative  confirmation  of  stability  and  an  assessment  of 
the  general  behaviour  of  the  body  when  it  was  towed.  The 
model  was  hollow  to  allow  suitable  weight  disposition  for 
correct  vertical  and  longitudinal  centre  of  gravity.  The 
scaling  was  such  that  the  ratio  of  gravity  to  hydrodynamic 
forces  was  the  same  as  full  scale  with  10  ft/sec  on  the 
model  corresponding  to  the  maximum  full  scale  towing  speed 
of  25  knots.  The  cable  model  was  1/64  inch  diameter 
braided  steel  fishing  line. 

A series  of  runs  were  made  in  the  towing  tank  covering 
the  speed  range  and  depths  to  8 ft.  Generally  the  cable 
was  held  by  hand  on  the  towing  carriage  and  a variety  of 
disturbances  introduced  by  oscillating  the  cable.  It  was 
observed  that  even  with  very  large  perturbations  it  was 
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difficult  to  induce  perceptible  angular  body  motions  in 
pitch  or  yaw.  Except  for  very  low  speeds  where  the  natural 
pendulum  frequency  could  be  excited  the  model  behaved  very 
well. 

The  near  surface  and  sem i -submerged  stability  was 
also  examined  in  detail  and  the  behaviour  of  the  model  was 
excellent  for  large  disturbances. 

Because  of  the  small  scale  and  qualitative  nature  of 
these  towing  tests  it  was  clearly  impossible  to  draw  any 
hard  conclusions  about  the  full  scale  body.  Nevertheless 
the  model  looked  very  good  even  with  d i sp report i ona 1 1 y 
large  excitations  through  the  cable  and  was  accepted  as  a 
positive  indication  for  the  future  of  the  design. 

4.2  Analog  Computer  Study: 

In  parallel  with  with  these  experiments  the  equations 
of  motion  of  the  body  in  the  vertical  plane,  the  coupled 
heave  and  pitch  equations,  were  set  up  on  the  analog 
computer.  The  first  analog  was  a very  simple  one  with  the 
cable  equilibrium  tensions  assumed  to  act  at  the  tow  point 
and  to  remain  constant  for  small  disturbances  in  pitch  and 
vertical  displacement.  Static  force  and  moment  derivatives 
were  available  from  the  tunnel  tests.  Acceleration  and 
damping  force  and  moment  derivatives  were  calculated  by 
available  methods  (2). 

This  simple  analog  was  used  to  study  the  effect  on  the 
body  pitch  response  of  gross  variations  from  the  best 
available  estimates  of  the  acceleration  and  damping  terms. 
It  was  found  that  even  with  very  large,  ^ 50?,  variations 
in  these  terms  the  basic  character  of  the  pitch  response 
remained  unchanged.  The  body  pitch  response  was  heavily 
damped  at  all  speeds;  the  damping  increased  with  speed  and 
approached  critical  damping  at  25  knots. 

A digital  computer  program  was  written  for  quick 
determination  of  steady  state  cable  body  conditions.  The 
Heavy  General  Cable  Solution  (5)  was  used. 

Further  analog  computer  experiments  were  made  to 
assess  the  influence  on  body  motion  of  the  cable.  A very 
simple  cable  spring  term,  linear  in  vertical  displacement 
was  introduced.  The  spring  strength  was  calculated  by 
considering  the  change  in  vertical  tension  and  displacement 
for  a small  perturbation  about  the  steady  state  condition 
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with  constant  cable  scope.  It  was  tentatively  assumed,  on 
the  basis  of  the  small  effect  which  resulted  from  the  gross 
variations  in  the  body  velocity  and  acceleration  terms, 
that  cable  damping  and  Inertia  might  be  ignored.  They 
would  in  any  case,  it  was  felt,  tend  to  decrease  the  spring 
effect . 

In  general  it  was  concluded  that  the  effect  of  the 
cable  would  probably  Increase  the  stability  of  the  body 
in  the  sense  that  it  would  act  as  a spring  tending  to 
restore  the  cable-body  system  to  Its  steady  state  equi- 
librium position.  The  results  from  the  analog,  which  Is 
obviously  over  simplified,  indicated  that  the  cable  effect 
could  be  important  at  low  speeds  but  would  be  small  at 
speeds  of  15  knots  and  above.  In  the  pitch  mode  it  showed 
up  as  an  increase  in  stiffness  at  low  speeds  and  appeared 
to  Justify  the  premise  that  the  body  itself  should  be  a 
soft  spring  In  the  pitch  mode. 

4.3  Detailed  Body  Geometry: 

Figure  3 shows  the  full  scale  body  and  is  a convenient 
reference  for  a brief  description  of  the  detailed  geometry. 
It  consists  of  the  main  Series  58  body  of  maximum  diameter 
6 feet  and  length  18  feet.  The  towpoint  Is  at  the  maximum 
diameter  which  is  at  a distance  0.4  of  the  length  from  the 
fore  end.  Four  cruciform  fins,  faired  fore  and  aft  of 
thickness  3 inches,  start  at  7.2  feet  from  the  end  and 
extend  out  to  the  body's  enveloping  cylinder.  Each  of 
these  fins  carries  an  end  plate.  The  end  plates  have 
modified  NACA  16009  sections  with  chord  length  3 feet  at 
the  centre  adjacent  to  the  fin  and  tapering  to  2 feet  chord 
over  a span  width  of  2 feet  on  each  side.  The  16009  section 
Is  modified  to  a 1/16  Inch  trailing  edge  thickness  on  the 
outer  (2  ft.  chord)  section  and  all  outer  sections  are 
faired  with  half  bodies  of  revolution.  Except  for  the  top 
one,  which  has  26  degree  dihedral  all  of  the  end  plates 
are  perpendicular  to  the  fins.  As  a result  of  flow 
visualisation  tests  all  end  plates  are  aligned  2 degrees 
trailing  edge  inboard  with  respect  to  the  body  axis. 

The  top  end  plate  dihedral  was  Introduced  to  increase 
static  stability  In  yaw  and  to  counter  roll  moments  In  a 
turn. 

Adjustable  trim  tabs  are  fitted  on  the  trailing  edge 
at  all  four  fins. 
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4.4  Model  Tests  1/4  Scale: 

Two  detailed  fiberglass  models  were  constructed  to 
1/4  full  scale.  The  first  model  was  fitted  out  for 
installation  on  the  Model  Testing  Basin  static  and  dynamic 
balance  (Fig.  4)  which  is  an  oscillating  mechanism  similar 
in  principle  and  operation  to  that  of  the  David  Taylor 
Model  Basin  (4).  The  second  model  was  intended  as  a 
mechanical  developm.ent  model  and  was  used  primari  ly  for 
towing  tests.  From  the  large  body  of  experimental  data 
collected  only  those  results  of  immediate  relevance  will 
be  presented  at  this  time. 


Figure  5 shows  the  predicted  full 
coefficient  form  based  on  body  frontal 
more  significant,  transducer  frontal  a 


drag 


and  , perhaps 


D 

'ZpU-'S, 


= 0.067 


'2pU^S. 


0.118 


Non-dimensional  static  force,  and  moment  coefficients 
in  the  notation  of  (4)  were,  in  the  vertical  plane: 


-0.26 


M'  = -0.026 


and  in  the  horizontal  plane: 


Y ' = 0.301 

V 


0.037 


The  ratios  M'w/Z'w  = 0.10  and  N ' v/' 
location  aft  of  the  tow  point,  in  terms 
of  the  hydrodynamic  centre  of  effort  in 


= 0.10  and  N'v/Y'v  = 0.12  give  the 
point,  in  terms  of  the  body  length 
re  of  effort  in  the  two  planes. 


One  quarter  scale  towing  trials  carried  out  with  an 
instrumented  model  (Fig.  6)  substantially  confirmed  the 
drag  measurements  in  the  Model  Basin  tests  and  the  heavily 
damped  pitch  response  indicated  by  the  analog  simulation. 

The  tests  were  made  with  the  equivalent  of  200  feet  ful  I 
scale  cable  length  and  measurements  of  body  vertical 
acceleration,  pitch  and  roll  were  recorded.  Since  the 
trials  were  made  in  calm  water  it  was  necessary  to  apply 
excitation  through  the  cable.  An  attempt  was  made  to  excite 
an  approximate  impulse  response  by  applying  a jolt  at  the 
ship  end  of  the  cable  equivalent  to  an  8 ft.  full  scale 
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motion  of  the  stern.  It  was  possible  to  transmit  a 
vertical  acceleration  to  the  model  of  approximately 
0.5  g excursion.  Figure  7 shows  typical  acceleration 
and  pitch  records  at  speeds  equivalent  to  10  knots  and 
19  knots.  The  resultant  body  pitch  angles  are  7.5  and 
4,5  degrees  and  obviously  very  well  damped. 

In  addition  approximately  sinusoidal  excitations 
equivalent  to  + 4 feet  stern  motion  were  applied  over  a 
range  of  frequencies  and  speeds.  The  results  are  shown 
on  Fig.  8.  Pitch  amplitude  in  degrees  per  foot  amplitude 
stern  motion  is  plotted  on  excitation  frequency  for  speeds 
of  10,  15  and  19  knots  full  scale.  Using  these  curves 

app I ied  to  Neumann  Sea  Spectra  for  23  knots  wind  speed 
and  assuming  the  stern  motion  to  follow  the  encountered 
waves  I to  1 at  all  frequencies,  the  r.m.s.  pitch  ampli- 
tudes were  calculated  to  be  4.7,  2.9  and  2.0  degrees  at 
10,  15  and  19  knots  respectively.  For  the  19  knot  case 

actual  stern  motion  response  to  model  waves  was  available 
(6)  and  using  this  data  the  r.m.s.  pitch  was  calculated  to 
be  1.3  degrees. 

Detailed  qualitative  towing  trials  were  carried  out 
with  the  1/4  scale  model  from  the  Model  Basin  Towing 
Carriage  to  check  on  the  stability  of  the  body  in  the  near 
surface  and  sem  i'-submerged  condition.  It  was  concluded 
that  with  some  reservation  as  to  the  body's  behaviour  in 
coming  through  the  highly  disturbed  propeller  race,  there 
should  not  be  any  stability  problems  in  the  I aunch-recovery 
cond  i t i on  . 


5.0  FULL  SCALE  TESTS 

The  body  and  the  towpoint  at  the  ship  were  both 
instrumented  by  stable  platforms  which  measured,  with 
respect  to  fixed  space  axes,  three  axial  accelerations  and 
three  angles  (Pitch,  Roll  and  Yaw).  In  addition  the  cable 
angle  at  the  body  and  the  body  depth  were  recorded. 

At  three  cable  lengths,  200,  400  and  600  feet,  measure- 
ments were  made  on  straight  course  and  variety  of  circle 
manoeuvers  up  to  the  maximum  ship  rudder  angle.  The  speeds 
ranged  from  12  to  28  knots.  The  data  was  recorded  on  a 
14-channel  analog  magnetic  tape  unit  with  paper  chart 
monitoring  of  the  most  important  variables.  Digital 
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computer  programs  are  available  for  power  spectral  density 
analysis  of  the  magnetic  tapes  but  this  has  not  yet  been 
carried  out.  For  this  presentation  limited  results  have 
been  obtained  by  hand  analysis  of  paper  charts. 

Figure  9 shows  body  depth  versus  speed  for  different 
cable  lengths;  the  curves  are  calculated  and  the  points 
are  full  scale  measurements. 


Sea  conditions  were  generally  low  throughout  the 
trials  (Sea  State  I with  Swell  2 - 3 feet), with  r.m.s. 
stern  amplitudes  of  less  than  I ft  being  typical.  Pitch 
r.m.s.  varied  from  1-1/2  degrees  at  12  knots  to  less  than 
1/2  degree  at  24  knots  and  above.  On  straight  course  runs 
the  largest  pitch  amplitude  recorded  was  5 degrees,  the 
largest  roll  was  3-1/2  degrees.  Generally  pitch  decreased 
rapidly  with  increase  in  speed  and  also  with  increase  in 
cable  length.  Preliminary  results  shown  on  Figure  10 
demonstrate  this  trend.  Pitch  r . m . s . ( deg ree s)  per  stern 
motion  amplitude  (feet)  is  plotted  against  cable  length  for 
speeds  of  12  and  20  knots.  It  is  emphasized  that  these 
results  should  be  interpreted  for  trend  rather  than 
absolute  numerical  accuracy  which  should  await  rough  sea 
data  with  power  spectral  density  analysis  of  substantial 
inputs  and  body  motions. 


In  steady  state  turns  the  body  tracked  well  lagging 
the  ship  yaw  by  20  to  40  degrees  for  rates  of  turn  from 
0.8  to  2.2  degrees  per  second.  Steady  state  roll  in  turns 
varied  from  3 to  18  degrees  over  the  same  range.  The 
maximum  depth  change  in  a turn  was  75  feet  with  600  feet 
of  cable  out.  This  was  recorded  in  a 24  knot  approach  speed 
25  degrees  rudder  manoeuver  where  the  steady  state  rate  of 
turn  was  2.4  degrees  per  second. 

In  summary  the  first  ship  trials  showed  that  the  body 
tows  well  at  predicted  depths  and  has  satisfactory  stability 
in  the  launch  and  recovery  condition.  It  tracks  we  I I in 
severe  manoeuvers  and  appears  to  have  very  satisfactory 
dynamic  behaviour  in  pitch  and  roll. 

6.0  CONCLUSION 


Present  i nd 
the  hydrodynamic 
dynam i c response 
the  higher  speed 


cations  are  that  the  body  wi  I I meet  al  I of 
requirements.  From  the  point  of  view  of 
the  design  shows  exceptional  promise  in 
range. 
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ON  ME  HYDRODYNAMIC  MASS  AND  DAMPING  OF  BODIES  OSCILLATING  IN  A VISCOUS  FLUID 
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U.  S.  Navy  Underwater 
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New  London,  Connecticut 


abstract 

Ihe  sonar  performance  of  cable-towed  transducer  systems  is  affected  significantly 
by  the  motions  of  the  towed  body.  Consequently,  the  dynamic  simulation  of  towed- 
sonar  system  response  to  towing-platfonn  excitation  is  of  utmost  importance  to  the 
sonar  system  designer.  The  mathematical  model  used  to  simulate  the  towed  system 
must  include  forces  acting  on  the  body  due  to  the  body's  oscillatory  motion  in  the 
fluid.  This  paper  discusses  two  of  these  forces. .. .hydrodynamic  inertial  force 
and  damping  force. 
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INTRODUCTION 

Because  it  has  been  used  extensively  in  the  past  to  facilitate  mathematical  anal- 
ysis, the  sphere  is  used  here  to  illustrate  the  types  of  forces  encountered  by  a 
non-lifting  body  oscillating  in  a viscous  flxiid.  Odar  ''•)has  shown  that  the  fluid 
forces  acting  on  a non-lifting,  non- translating  body  undergoing  small  oscillations 
in  a viscous  fluid  can  be  written: 

- F = Fj  + Fjj  + Fy  (l) 

where:  Fj  - Inertial  force  (hydrodynamic  mass  times  body  acceleration) 

Fjj  - Hydrodynamic  Inertial  history  force  (particles  of  fluid  set  in 
motion  by  previous  motion  of  the  fluid  now  acting  on  the  body) 

Fy  - Viscous  force  acting  on  the  body 

After  Basset  (1888),  Bousslnesq  (l885),  and  Oseen  (1927),  Odar  wrote,  for  the  force 
exerted  by  the  fliiid  on  a smooth  sphere  performing  rectilinear  oscillations: 


-F  = C|  — Tra^pq  + a^  (irpp)''^’ 


' f -5! dt'+  ^ Cy  ira^  p Iql  q.  (2) 

Utilizing  the  work  of  Stokes  (1843)  and  Basset,  eq'n  (2)  can  be  rewritten: 

(3) 


- F = 0.50  + 


3.1815 


V&j  a^/ 1 


rra^  pq  f 6a^  (cpp)''^ 


(t— \oj a / 12/  a /vj  ^ 


pwq. 


"Superior  numbers  refer  to  similarly-numbered  references  at  the  end  of  this  paper." 
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For  sinusoidal  motion,  let  q = S cos  oit 

q = — oj  5 sin  ojt 
q = _ 5 cos  cjt 


Equation  (4)  has  been  derived  from  the  Navier-Stokes  equation;  consequently,  it  is 
valid  only  for  laminar,  non- separating  flows,  l.e.,  small-amplitude  body  oscillations. 


EXPERIMflJTAL  UURK  irflTO  SPHERES 

Dimensional  analysis  Indicates  that  the  hydrodynamic  mass  factor  for  a smooth  body 
in  an  infinite,  viscous  fluid  is  a function  of  the  Stokes  Number  and  of  the  displace- 
ment parameter: 

k = fi(77j, 

k = f,  (6)aVi/,  a/S) 

Experimentation  performed  by  K.  T,  Patton^^)  and  C,  B.  Basye^3)  indicates  that  the 
Stokes  expression  for  hydrodynamic  mass  factor  is  valid  over  the  range  of  Stokes 
Numbers  from  110  to  l65,000  (see  Fig.  1,  below). 


(5a) 

(5b) 


vs 

SIQKES  NUMBER 

FOR  SPHERES  UNDERGOING  SMALL  OSCILLATIONS 
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Bayse  found  hydrodynai&lc  mass  to  be  independent  of  displacement  amplitude  in  the 
range  of  displacement  parameters  from  2.25  to  93.  However,  Basye  postulates  that 
the  convective  acceleration  terms  in  the  Navier- Stokes  equations  will  become  sig- 
nificant with  decreasing  amplitude  parameter.  Also,  separation  may  occur  and  a 
different  phenomenon  would  be  encountered j with  the  hydrodynamic  mass  factor  showix 
a heavy  dependence  on  displacement  parameter. 

The  author  found  the  above  to  be  true  while  performing  experiments  in  the  displace- 
ment parameter  range  of  0.5  to  3.0.  Data  illustrating  the  effect  of  displacement 
amplitude  on  hydrodynamic  mass  is  shown  in  Fig.  2,  below. 


o BASre 
0 Patton 

^ ODAR 


Fig.  2 

HYDRODYNAMIC  MASS  FACTOR 
vs 

DISPLACEMQJT  AMPLITUDE  PARAMETER 
FOR  SPHERES  AT  A STOKES  NUMBER  = 10^ 


Fig.  2 was  used  to  develop  an  empirical  equation  for  hydrodynamic  mass  factor  as  af 
function  of  displacement  parameter.  Hie  author  suggests  that  the  hydrodynamic  mas 
factor  of  a sphere  be  expressed  as  a function  of  Stokes  Number  and  displacement 
parameter,  as  shown  in  equation  (6), 

k = .50  + vO 


Odar  has  determined  experimentally  the  hydrodynamic  mass  factor  and  hydrodynamic  I 
history  coefficient  of  spheres  for  sinusoidal  oscillations  in  oil.  Unfortunately,! 
he  did  not  discuss  tank  effects  of  Reynolds  effects  in  his  paper.  Fig.  3 illustrJ 
the  effect  of  acceleration  number  (the  inverse  of  displacement  psirameter)  on  the  | 
hydrodynamic  history  coefficient.  I 


o 1.0  g i.o 

Fig.  3 

HYDRODYNAMIC  HISTORY  GOEFFICI£MT 

V3 

ACCELERAnON  NUMBER  FOR  SPHERES 
AT  LOW  REYNOLDS  NUMBERS 

Damping  forces  for  spheres  luidergoing  sinusoidal  oscillations  were  measured 
separately  by  Basye  and  by  the  author.  Data  are  plotted  in  Fig.  4 to  indicate  the 
effect  of  Stokes  Number  on  the  damping  factor,  and  in  Fig.  5 to  indicate  the  affect 
of  displacement  parameter  on  damping  factor. 
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Fig.  4 

DAMPING  FACTOR 
vs 

STOKES  NUMBER 

FOR  SPHERES  UNDERGOING  SMALL  USCILLAHONS 
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Fig.  5 

DAMPING  FACIDR 
vs 

DISPLAC£MBM  PARAMETER  FOR  SPHERES 


Figs.  4 and  5 were  used  to  derive  equation  (7)  empirically,  which  equation  expresses 
damping  factor  as  a function  of  Stokes  Number  and  displacement  parameter, 

4.50  3J8  .n 

Rc  ' (Re)'-'"  '(a/5)-’ 

Note  that  when  the  oscillations  are  small,  equation  (7)  reduces  to  the  Stokes 
expression. 


Ic 


This  writer  proposes  the  following  empirical  equation  for  the  forces  acting  on  a 
smooth  sphere  oscillating  harmonically  in  an  infinite  viscous  fluid,  with  no  net 
trsinslation.  r n 


3.1815  0.125  4 

0.50  f + —n 

(Re)'^^  (a/5)’'^j3 

2.25' 

2.88  + 3.12  e 773^  (1/2  (2( 

- 


^ 2 c 

a poj  o cos  oj  t 


/2  \lqY  ^ oj^  ^ S (sin  ojt  cos  cjt) 


Equation  (8)  indicates  that  the  hydrodynamic  mass,  the  hydrodsmeunic  history  force, 
and  the  hydrodynamic  damping  are  influenced  significantly  by  the  displacement  ampli> 
tude  parameter,  (a/<5).  Physically,  the  convective  acceleration  terms  in  the  Navier- 
Stokes  equations  become  significant  with  increasing  body  amplitude. 

Reynolds  effects  are  apparant  in  the  hydrodynamic  mass  factor  and  in  the  damping 
factor.  Experimental  work  has  verified  the  analytical  work  of  Stokes,  indicating  a 
decrease  of  hydrodynamic  mass  factor  and  of  damping  factor  with  increasing  Stokes 
Number. 

To  illustrate  that  these  variations  are  common  to  all  bodies  oscillating  in  a fluid, 
the  following  empirical  equations  were  developed  from  data  taken  at  the  University 
of  Rhode  Island  for  a 5:1  axi-symmetric  towed  body  oscillating  in  a heave  mode. 


(Re)'''  \ a/5/ 

(9) 

77  =(2.12  lO"*)  (Re)®  ''' + 

® (a/5)' 

(10) 

The  above  equations  are  valid  over  a Stokes  Number  range  of  4 ^ 10^  to  3 4 10^»  tund 
over  a displacement  parameter  range  of  2.0  to  32.0. 


HYDRODYNAMIC  FORCES  ACTING 
ON  TOWED  BODIES 


As  soon  as  the  body  deviates  from  a spherical  shape,  the  variations  in  the  hydrody- 
namic forces  due  to  the  shape  of  the  body  must  be  accounted  for.  This  is  usually 
accomplished  by  displaying  the  hydrodynamic  coefficients  in  matrix  form. ...the  order 
of  the  matrix  being  dictated  by  the  number  of  degrees  of  freedom  possessed  by  the 
body.  For  a completely  asymmetrical,  non-lifting  body,  equation  O)  becomes: 
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Extrapolating  from  the  case  of  the  sphere,  it  is  predicted  that  each  of  the  coeffi- 
cients in  the  above  equation,  •‘mn’  , is  a function  of  Stokes  Nmber 

and  of  the  displacement  amplitude  parameter. 

Because  the  convective  acceleration  terms  in  Navier-Stokes  equations  and  the  sepa- 
rating and  turbulent  flows  over  the  body  are  influenced  by  the  mean  translational 
velocity  of  the  body,  variation  of  the  hydrodynamic  coefficients  with  body  Reynolds 
Number  is  also  expected.  If  the  body  Reynolds  Nvimber  is  identified  as  Ry  (the  Stokes 
Nmber  is  Re) , the  expressions  for  the  hydrodynamic  coefficients  become: 

''mn  = (Re,  Ry,  a/S)  (lOa) 

mn 


C„  (Re,  Ry,  a'5)  (lOb) 

nin  mn 

" Vs  a '5)  (10c) 

mn 


LOL 


To  describe  completely  the  hydrodynamic  forces  acting  on  an  asymmetrical,  non-lifting 
body  oscillating  in  an  infinite  fliiid,  21*  of  each  of  the  above  expressions  are 
needed,  a total  of  63  functions.  If  dynamic  lift  forces  are  included,  84  fiaictions 
are  needed  to  describe  the  hydrodynamic  coefficients.  Unfortiuiately,  data  of  this 
type  are  relatively  scarce  in  the  literature. 


AN  APPROXIMATE  TECHNI^iUE  FOR  IHE  COMPUTATION 
OF  TEIimS  the  HYDtoD^AMIC  MASS  PASTOR  MATRIX 

Lewis(^)  introduced  the  concept  of  representing  a three-dimensional  body  as  a series 
of  short  cylindrical  sections  in  order  to  simplify  computation  of  hydrodynamic  coeffi- 
cients. This  technique  can  be  used  to  compute  all  the  terms  in  the  matrix  repre- 
senting the  hydrodynamic  mass  dyadic  of  a three-dimensional  body  of  arbitrary  shape. 

It  is  assumed  that  the  two  dimensional  hydrodynamics  of  the  sections  are  mathematic- 
ally tractable.  The  basic  operating  premise  of  this  sectionalization  technique  is 
the  assumption  that  the  three-dimensional  forces  and  moments  can  be  found  by  summing 
the  corresponding  two-dimensional  forces  and  moments  acting  on  the  cylindrical 
sections. 


The  force  acting  on  the  cylindrical  section  in  the  h direction,  for  acceleration 
in  the  k direction  in  an  ideal  fluid,  is: 

^ hk  " f-P  bK 

•4 


where:  (pg)|j  = the  acceleration  pressure  acting  on  the  surface  of  the  body  due  to  acceleration 

in  the  k direction. 

(cos  = the  component  in  the  h direction  of  the  unit  vector  normal  to  the  surface  of  the 
body. 


The  hydrodynamic 


mass  of 


the  cyli.:der  is: 

* hk  1 

rn , , — — — ” 

dq^^^dt  dq|^/dt 


(cos  0)|^dS 


(12) 


The  computation  of  hydrodynamic  mass  is  now  reduced  to  the  task  of  determining  the 
acceleration  pressure  distribution  over  the  surface  of  the  body. ...  relatively  simple 
job  for  two-dimensional  bodies. 

The  acceleration  pressure  distributions  over  cylinders  of  various  cross-sectional 
shapes  have  been  reported  by  Wendel('^^.  Using  these  pressure  distributions,  the 
hydrodynamic  masses  and  mass  moment  of  inertia  can  be  computed  by  substitution  in 
equation  (12).  This  writer  has  extended  Wendel's  work  and  uses  the  pressure  distri- 
butions for  computation  of  cross-coupled  translational-rotational  masses  and  of 
cross-coupled  translational-rotational  mass  moments  of  inertia.  It  is  of  Interest 
to  note  that  if  the  cylinder  contains  a plane  of  symmetry,  the  cross-coupled  trans- 
lational hydrodynamic  mass  vanishes.  Also,  if  the  cylinder  contains  two  orthogonal 
planes  of  symmetry  and  is  rotated  about  their  point  of  intersection,  the  cross- 
coupled  rotational- translational  hydrodynamic  mass  vanishes. 

In  the  summation  of  hydrodynamic  masses  or  hydrodynamic  mass  moments  of  Inertia  for 
the  cylindrical  sections  and  tails,  the  mass  moments  of  Inertia  must  undergo  a co- 

* Birkhoff^^)  has  shown  that  the  coefficient  matrices  are  symmetric. 


ordinate  transform  in  order  to  refer  their  mass  moment  of  inertia  to  the  axis  of 
rotation  passing  through  the  center  of  mass  of  the  body. 

If  we  consider  a typical  towed  body,  i.e.,  one  possessing  two  orthogonal  planes  of 
symmetry,  and  select  a co-ordinate  system  with  surge  motions  represented  by  the  index 
1,  heave  by  2,  sway  by  3,  roll  by  4,  yaw  by  5 and  pitch  by  6;  the  elements  in  the 
hydrodynamic  mass  factor  matrix  sure  computed  by  the  following  method: 

Birkhoff  has  shown  that  a body  possessing  this  type  if  symmetry 
is  described  by  eleven  terms,  as  compared  to  the  usual  twenty-one 
terms  for  an  asymmetric  body.  Because  of  symmetry,  the  following 
off-diagonal  terms  vanish: 


k,3  = 0 

k„  = 0 
‘‘23  = ° 

k^,.0 

>‘36  = « 
^6  = 0 
^6  = 0 


If  the  body  is  "sliced”  in  planes  parallel  to  the  1-3  plane,  the 
hydrodynamic  mass  factor  in  the  1 direction  is; 


‘‘11  = 


11 

y "> 

n4i  "n 


(13) 
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llie  hydrodynamic  mass  moment  of  inertia  factor  in  the  5 direction 
is: 


E(j.. 


55 


+ m r 
"33 


(14) 
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The  cross-coupled  mass  moment  of  inertial  factor  in  the  3 direction 
for  motion  in  the  3 direction  is  given  by: 


*‘35- 


(15) 
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"Slicing"  the  body  in  planes  parallel  to  the  2-3  plane  enables  com- 
putation of  the  hydrodynamic  mass  factor  in  the  2 direction  and  in 
the  3 direction.  „ 


22  ~ 
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The  cross-coupled  mass  moment  of  inertia  factor  in  the  4 direction 
for  motion  in  the  3 direction  is: 


k 


43  ~ 


(18) 


The  mass  moment  of  inertia  factor  in  the  4 direction  Is: 

V/j  +m„  (19) 

n =0  N 


^44  “ 


npa 


"Slicing"  the  body  in  planes  parallel  to  the  1-2  plane  enables  com- 
putation of  the  mass  moment  of  inertia  factor  in  the  6 direction. 


*^66  “ 


n = o \ ' 


(20) 
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The  cross-coupled  mass  moment  of  inertia  factor  in  the  6 direction 
for  motion  in  the  2 direction  is: 


*^62  “ 
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(21) 


The  cross-coupled  mass  moment  of  inertia  factor  in  the  6 direction 
for  motion  in  the  1 direction  is  given  by: 


^"6  1 


‘‘61  = 


n pa  ■ 


(22) 


Finally y the  mass  moment  of  inertia  factor  in  the  4 direction  for 
motion  in  the  5 direction  is  given  by: 
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r..  f- 
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A towed  body  with  a shape  similar  to  an  existing  vauriable-depth  sonar  towed  body 
was  studied,  using  the  above  method.  Ihe  co-ordinate  system  is  shown  in  Fig.  6. 


Fig.  6 

The  hydrodynamic  mass  matrix  for  the  body  at  high  Stokes  Numbers,  small  oscillations. 


and  no  net  translation  is 

shown 

in  Fig.  7. 
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Fig.  7 

COMPUTED  HYDRODYNAMIC  MASS  MATRIX 

The  inertial  stability  derivative  matrix  for  the  AN/SQA-13  body(8)^  as  determined  on 
a planar  motion  machine,  is  shown  in  Fig.  8.  niese  derivatives  were  measured  in  a 
towing  tank  with  a net  body  translation,  and,  therefore,  dynamic  lift  and  drag  force 
components  would  appear  in  the  off-diagonal  terms.  Also,  the  Stokes  Number,  the 
displacement  amplitude  parameter,  and  tank  correction  factors  were  not  compensated 
for  in  the  values  shown  in  Fig.  8. 
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MEASURED  ACCELERATION  STABILITY  DERIVATIVE  C0EFFICI®T  MATRIX 
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OUNCLUSIONS 


The  hydrodynamic  forces  acting  on  a body  due  to  the  body's  oscillatory  motion  in  a 
viscous  fluid  were  illustrated  by  discussing  analytical  and  experimental  studies 
performed  on  spheres.  The  influence  of  Reynolds  effects  (Stokes  Number)  and  con- 
vective acceleration  effects  (displacement  amplitude  parameter)  on  the  hydrodynamic 
inertia  force,  the  hydrodynamic  history  force,  and  on  the  damping  force  is  shown  in 
an  empirical  equation  for  spheres.  The  effect  of  body  Reynolds  Number  (Ry)  on  these 
forces  for  spheres  is  not  known,  but  it  is  suspected  that  convective  acceleration 
terms  in  the  Navier-Stokes  equations  would  gain  in  importance.  Also,  by  the  same 
reasoning,  a sharp  decrease  of  hydrodynamic  history  force  with  increasing  body  trans- 
lational velocity  would  be  expected. 

A technique  for  the  computation  of  elements  in  the  hydrodynamic  mass  matrix  has  been 
presented.  Although  the  example  presented  considered  a typical  towed  body  oscillating 
in  an  ideal  fluid  with  no  net  forward  velocity,  the  technique  could  be  used  to  extend 
the  computation  for  the  case  of  ^he  towed  body  oscillating  in  a viscous  fluid,  if  the 
two-dimensional  hydrodynamics  of  the  cylindrical  sections  could  be  described.  This 
writer  prefers  to  handle  lift  and  drag  forces  acting  on  the  body  due  to  body  motions 
as  a separate  term  in  the  equations  of  motion  (i.e.,  as  elastic  restoring  or  upsetting 
forces) . Some  institutions  prefer  to  include  these  forces  in  the  hydrodynamic  mass 
matrix  for  ease  of  comparison  with  inertial  stability  derivatives.  The  secUonali- 
zation  technique  could  be  used  in  either  approach.  The  sectionalization  of  the  towed 
body  could  also  be  used  to  compute  elements  in  the  hydrodynamic  history  coefficient 
matrix  and  in  the  damping  factor  matrix,  if  these  forces  are  known  for  the  cylinders 
of  which  the  towed  body  is  assumed  to  be  composed. 
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- A characteristic  body  dimension,  i.e.,  sphere  radius  or  towed  body  length  (feet) 

- Hydrodynamic  history  coefficient  (dimensionless) 

- Hydrodynamic  mass  factor  (dimensionless) 

- Drag  constant  (dimensionless) 

- Total  force  exerted  by  the  fluid  on  a non-lifting  body  oscillating  in  the  fluid  (lbs.) 

- Hydrodynamic  inertial  history  force  (lbs.) 

- Hydrodynamic  inertial  force  (lbs.) 

- Resistive  force  (lbs.) 

- Hydrodynamic  mass  moment  of  inertia  relative  to  center  of  mass  of  towed  body  (lb-sec  ^-ft) 

- Hydrodynamic  mass  moment  of  inertia  relative  to  center  of  cylindrical  section  (lb-sec ^-ft) 

- Hydrodynamic  mass  factor  (dimensionless) 

- Hydrodynamic  mass  (Ib-sec^/ft) 

- Acceleration  pressures  on  surface  of  body  accelerating  in  a quiescent  fluid  (lb  ft") 

- Body  oscillatory  displacement,  velocity  and  acceleration  (ft,  ft  sec,  ft  sec*) 

- Stokes  Number  (a  form  of  Reynold’s  Number  oia^ (dimensionless) 

- Reynold’s  Number,  Ua'^t^  (dimensionless) 

- time  (sec) 

- A dummy  variable  (sec) 

- Body  translational  velocity  (ft^sec) 

- Body  displacement  amplitude  (ft) 

- Angle  between  component  in  h direction  and  unit  vector  normal  to  surface  of  the  body 
(dimensionless) 

- Absolute  viscosity  of  fluid  (lb-sec  ft^) 

- Kinematic  viscosity  of  fluid  (ft^/sec) 

- Phase  angle  (dimensionless) 

- 3.1416  ... 

- Hydrodynamic  mass  factor  (dimensionless) 

- Srokes  Number  (dimensionless) 

- Displacement  amplitude  parameter,  a/ 8 (dimensionless) 

- Damping  factor  (quotient  of  damping  coefficient  and  product  of  the  angular  frequency  and 
a characteristic  mass  (dimensionless) 

- Fluid  density  (lb-sec  ^.'ft^) 

- Angular  frequency  (rad/'sec) 
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ABSTRACT 

This  paper  briefly  describes  how  the  hydrodynamic  coefficients  for  bodies  as- 
sociated with  cable-towed-body  systems  are  determined  by  experiments  with  the 
DTMB  Flanar-Motion-Mechanism  System  and  how  these  coefficients  can  be  uti- 
lized to  solve  a variety  of  problems  in  advance  of  construction  of  the  prototype 
system.  Inclt^ded,  is  their  use  to  optimize  the  body  design  from  the  standpoint 
of  static  stability,  dynamic  stability,  and  minimum  response  to  disturbance,  as 
well  as  their  ultimate  use  in  simulation  studies  to  predict  the  dynamic  behavior 
of  the  cable-towed-body  system  under  various  operational  conditions  and  to  es- 
tablish the  design  of  automatic  controls  in  activated  systems. 

INTRODUCTION 

The  traditional  method  for  evaluating  hydrodynamic  characteristics  of  bodies  as- 
sociated with  cable-towed  systems  has  been  based  on  tests  with  dynamically 
scaled  models  or  prototypes  which  were  towed  either  by  a short  scope  of  cable 
in  a model  basin  or  by  representative  scopes  of  cable  at  sea.  This  technique 
leaves  much  to  be  desired  since  its  very  nature  usually  requires  that  the  tests  be 
conducted  late  in  the  developmental  stage  after  certain  commitments  have  been 
made  on  the  design  of  the  body  form,  stabilizers,  wings,  weight  distribution,  etc. 
Furthermore,  the  information  derived  from  such  tests  provides  little  more  than 
a limited  evaluation  of  the  specific  design  tested  and  does  not  provide  fundamen- 
tal data  that  may  be  needed  to  improve  the  design.  The  modern  tendency,  there- 
fore, is  to  employ  captive-model  techniques  to  determine  hydrodynamic  coef- 
ficients for  the  body  independent  of  the  cable.  These  coefficients  can  serve  as  a 
basis  for  establishing  the  complete  hydrodynamic  design  of  the  body  alone,  and 
when  they  are  combined  ultimately  with  pertinent  data  for  the  cable,  the  resulting 
mathematical  model  can  be  used  to  obtain  computer  predictions  of  the  expected 
dynamic  performance  of  the  proposed  cable-towed-body  system  at  sea. 

One  such  captive-model  technique  which  has  been  employed  extensively  during 
the  past  ten  years  to  study  the  hydrodynamic  characteristics  of  submerged  bodies 
is  the  DTMB  Planar-Motion-Mechanism  System  (PMM).  Complete  sets  of  hydro- 
dynamic  coefficients  have  been  acquired  on  hundreds  of  different  configurations 
including  miscellaneous  bare  bodies,  specific  designs  completely  equipped  with 
appendages,  and  systematic  series  of  streapilined  bodies  of  revolution.  How- 
ever, nearly  all  of  the  data  are  applicable  to  self-propelled  vehicles  such  as  sub- 
marines and  torpedoes.  In  fact,  complete  sets  of  hydrodynamic  coefficients 
obtained  from  FMM  tests  are  available  only  for  two  cable-towed  bodies;  the 
AN/SQA- 13(XN- 1)  Variable-Depth-Sonar  (VDS)  body'  and  the  DTMB  Mark  46  Air- 
Towed-Sonar  Body.  ^ Three  models,  extending  Series  58  down  to  a fineness  ratio 
(L/D)  of  2.  5 have  been  constructed  for  tests  with  the  FMM.  The  results  of  these 

"Superior  numbers  refer  to  similarly-numbered  references  at  the  end  of  this 
paper. " 
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tests  should  at  least  provide  a start  toward  acquiring  fundamental  hydrodynamic 
data  applicable  to  cable-towed  bodies. 

The  primary  purpose  of  this  paper  is  to  impart  an  understanding  of  the  DTMB 
Planar-Motion-Mechanism  System  and  to  indicate  how  the  data  obtained  by  means 
of  this  powerful  experimental  technique  can  be  used  to  solve  a variety  of  prob- 
lems pertaining  to  the  hydrodynamic  design  of  cable-towed-body  systems  early  in 
the  preliminary  design  stage.  To  accomplish  this,  the  pertinent  hydrodynamic 
coefficients  and  derivatives  are  identified  and  described;  the  methods  and  pro- 
cedures for  obtaining  these  data  with  the  PMM  System  are  outlined;  and  the  results 
of  PMM  tests  of  the  Scheme  A Body  of  the  AN/SQA-13  VDS  System*  are  used  to 
illustrate  how  such  data  can  be  applied  to  solve  some  of  the  hydrodynamic  prob- 
lems related  to  cable-towed-body  systems. 

HYDRODYNAMIC  COEFFICIENTS  AND  DERIVATIVES 

General  differential  equations  for  treating  the  motions  of  a deeply  submerged 
body  moving  in  six  degrees  of  freedom  through  a fluid  have  been  developed  over 
the  years  until  they  have  now  reached  a high  degree  of  sophistication.  These 
equations  are  comprised  of  numerous  coefficients  or  derivatives  of  hydrodynamic 
origin.  Therefore,  to  take  full  advantage  of  these  equations,  it  is  necessary  to 
know  the  numerical  values  of  these  coefficients  with  reasonable  accuracy  for  the 
specific  configuration  being  investigated. 

The  hydrodynamic  forces  and  moments  which  enter  into  the  equations  of  motion 
as  coefficients  are  usually  classified  into  three  kinematic  categories:  "static", 
"rotary",  and  "acceleration".  The  static  coefficients  are  due  to  components 
of  linear  velocity  of  the  body  relative  to  the  fluid;  the  rotary  coefficients  are  due 
to  angular  velocity  components;  and  the  acceleration  coefficients  are  due  to  either 
linear  or  angular  acceleration  components.  Within  limited  ranges,  the  coef- 
ficients are  linear  with  respect  to  the  appropriate  variables  and  thus  may  be 
treated  as  static,  rotary,  and  acceleration  derivatives  in  linearized  equations  of 
motion.  Typical  static  derivatives  are  Z^',  M^',  Y^',  N^',  and  K ';  typical 

rotary  derivatives  are  Z^',  M^',  Y^',  N^',  K^',  and  K ' ; and  typical  accelera- 
tion derivatives  are  Z , M.',  Z.',  M.',  K.',  K.',  andK.'. 

w w q q V r p 

The  acceleration  derivatives  are  often  called  "added  mass"  coefficients.  These 
derivatives  can  be  determined  on  the  basis  of  potential  flow  theory,  at  least  for 
conventional  types  of  bodies.  However,  many  of  the  body-configurations  as- 
sociated with  cable-towed  systems  are  so  unusual  and  so  far  off  the  beaten  track, 
it  would  probably  be  desirable  to  rely  on  experimental  means  for  determining  the 
acceleration  derivatives  for  these  bodies.  On  the  other  hand,  the  static  and 
rotary  derivatives  and  coefficients  are  primarily  due  to  viscous  flow  and  cannot 
be  obtained  reliably  with  existing  theory  even  for  simple  body  shapes.  Thus,  it 
is  necessary  to  conduct  experiments  to  determine  these  coefficients.  If  the 
PMM  system  is  employed,  the  acceleration  derivatives  should  be  experimentally 
determined  at  the  same  time  to  ensure  that  their  values  are  compatible  with  the 
other  experimentally  determined  coefficients. 


170 


UNCLASSIFIED 


UNCLASSIFIED 


DTMB  PLANAR-MOTION-MECHANISM  SYSTEM 

The  DTMB  Planar-Motion-Mechanism  System  is  a complete  system  for  deter- 
mining explicity  by  means  of  model  tests  all  of  the  hydrodynamic  coefficients 
required  in  the  equations  of  motion  for  six  degrees  of  freedom.  This  includes 
coefficients  of  all  three  types,  namely  static,  rotary,  and  acceleration  coef- 
ficients. The  system  embraces  all  mechanical,  electrical,  and  electronic 
components  necessary  to  carry  out  the  complete  investigation  including  prepar- 
ing the  model  prior  to  testing,  conducting  the  static  and  oscillation  tests,  sens- 
ing and  recording  the  test  data,  and  processing  the  data  as  a direct  tabulation  or 
as  an  input  to  high-speed  computers.  Two  PMM  Systems  are  in  current  use  at 
the  Model  Basin.  Both  systems  are  functionally  the  same  but  the  Mark  I has  a 
measurement  capacity  of  ±1000  pounds  for  each  of  the  three  force  components 
and  the  Mark  II  has  a measurement  capacity  of  ±4000  pounds  for  each  of  the  three 
force  components.  A detailed  description  of  the  FMM  System,  its  principles  of 
operation,  and  procedures  for  its  use  are  given  in  References  3 and  4.  There- 
fore, only  a brief  account  of  the  PMM  System  is  given  in  the  following  para- 
graphs to  explain  how  it  is  used  to  obtain  the  coefficients  for  bodies  associated 
with  cable-towed  systems. 

The  major  features  of  PMM  Mark  I are  shown  schematically  in  Figure  1.  The 
model,  supporting  apparatus,  angle  positioning  mechanism,  and  forced  motion 
mechanism  are  transferred  as  a single  unit  and  mounted  on  a support  bracket 
which,  in  turn,  is  mounted  on  vertical  rails  on  the  east  end  of  either  Towing 
Carriage  2 or  Towing  Carriage  1.  Discrete  angles  in  the  pitch  plane  can  be  set 
on  the  model  by  rotating  the  tilt  table,  tow  strut,  and  model  assembly  about  the 
tilt  axis.  Sinusoidal  motion  can  be  imparted  to  the  model  by  activating  the  forced- 
motion-mechanism,  which  drives  the  pistons  to  which  the  tow  struts  are  attached. 
The  phase  changer  inserted  in  the  common  drive  shaft  can  be  used  to  adjust  the 
phase  of  the  motion  of  one  strut  relative  to  the  other. 

The  forces  and  moments  acting  on  the  model  are  measured  by  means  of  two  gage 
assemblies.  Each  gage  assembly  is  composed  of  three  modular  force  balances 
which  are  oriented  in  series  to  be  sensitive  (without  interactions)  to  only  X-, 

Y-,  or  Z -force,  respectively.  In  addition,  one  assembly  contains  a balance  to 
measure  roll  moment.  Each  gage  assembly  is  fixed  to  the  model  on  one  side  and 
is  attached  to  a tow  strut  through  a gimbal  bearing  on  the  other.  The  gimbals 
centers  are  aligned  with  the  body  x-axis  and  arranged  so  that  their  centers  are 
equidistant  from  the  reference  point  (usually  taken  as  the  prototype  center  of 
gravity).  Since  the  force  components  are  sensed  as  pure  reactions  at  the  gimbal 
centers,  the  moments  M,  and  N can  be  obtained  by  taking  the  vector  differences 
between  the  Z-  and  Y-  forces,  respectively,  and  multiplying  them  by  the  distance 
between  the  reference  point  and  one  gimbal  center.  The  roll  moment  K is  read 
directly  from  the  roll  balance.  The  gage  readings  are  transmitted  by  electrical 
cables  through  the  tow  struts  to  recorders  on  the  towing  carriage. 

It  should  be  noted  that  both  PMM  Mark  I and  PMM  Mark  II  are  designed  for  large 
models  ranging  from  8 to  25  feet  in  length  depending  on  fullness.  This  means 
that,  in  most  cases  for  towed  bodies,  models  of  a scale  of  at  least  1:1  and  some- 
times as  high  as  4:1  are  required  for  tests  of  such  bodies. 

Three  basic  types  of  tests  called  static  stability  (or  steady- state)  tests,  pure 
heaving  (or  sideswaying)  tests,  and  pure  pitching  (or  yawing)  tests  are  required 
to  obtain  all  of  the  necessary  coefficients.  The  types  of  motion  produced  by  the 
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PMM  for  these  tests  are  shown  schematically  for  the  vertical-plane  case  in 
Figure  2. 

Figure  2a  shows  the  mode  of  motion  used  to  obtain  static  coefficients.  This 
kind  of  motion  is  commonly  used  by  wind  tunnels  and,  therefore,  does  not  have 
to  be  explained  in  detail.  The  PMM  produces  this  motion  by  using  the  towing 
carriage  to  tow  the  model  in  a straight  path  at  constant  velocity.  Then,  dis- 
crete angles  are  set  on  the  model  by  means  of  the  tilt  table  and,  when  steady 
conditions  have  been  reached,  the  readings  on  the  gages  are  recorded  digitally. 
Since  the  tilt  table  can  be  set  at  discrete  angles  remotely,  data  for  several  dif- 
ferent angle  settings  can  be  obtained  during  one  pass  of  the  towing  carriage  along 
the  length  of  the  basin.  If  it  is  desired  to  obtain  control  coefficients  (associated 
with  various  incidence  angles  on  wings,  stabilizers,  trim  tabs  etc.),  a similar 
procedure  is  followed  except  that  the  discrete  angles  are  set  on  the  lifting  sur- 
faces involved. 

Figure  2b  shows  the  mode  of  motion  associated  with  a pure  heaving  test.  The 
PMM  produces  this  motion  by  towing  the  model  at  steady  speed  and  then  sinusoi- 
dally oscillating  both  tow  struts  in  phase  with  each  other.  The  resulting  motion 
is  one  in  which  the  model  CG  moves  in  a sinusoidal  path  while  the  model  pitch 
angle  B remains  at  zero.  The  time  history  of  the  forces  sensed  at  each  of  the 
gages  during  the  test  run  is  automatically  resolved  and  integrated  into  in-phase 
and  out-of-phase  (quadrature)  components  which  are  recorded  digitally.  The  in- 
phase  components  of  force  at  each  gage  are  directly  related  to  the  linear  accel- 
eration of  the  model  and,  therefore,  can  be  used  to  compute  explicitly  the  as- 
sociated acceleration  derivatives.  For  example,  the  nondimensional  accelera- 
tion derivative  Z . ' which  defines  the  added  mass  in  heave  can  be  obtained  as 
follows: 


7 . _ B[(^i  )in  + (^3  )in]  . 

^ • - 1 — f + m ' 

0 

f 1 

where  (Z,  )^^  and(Zg  )^^  are  the  nondimensional  in-phase  components  of 
normal  force  at  each  gimbal  point, 

w'  is  the  nondimensional  amplitude  of  the  linear  acceleration,  and 
mm'  is  the  nondimensional  mass  of  the  model. 

The  out-of-phase  components  of  force  at  each  gage  are  directly  related  to  the 
linear  velocity  and  can  be  used  to  obtain  static  derivatives.  However,  these 
derivatives  are  more  accurately  obtained  from  the  static  stability  tests 
(Figure  2a). 


Figure  2c  shows  the  mode  of  motion  associated  with  a pure  pitching  test.  The 
PMM  produces  this  motion  by  towing  the  model  at  steady  speed  and  then 
sinusoidally  oscillating  the  struts  with  a prescribed  phase  angle  between  them. 
The  phase  angle  is  dependent  upon  frequency  of  oscillation,  forward  speed,  and 
distance  of  each  strut  from  the  reference  point  (CG).  The  relationship  is  as 
follows: 


Cos  4>g  = 
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(c)  - Pure  Pitching 


Figure  2 - Modes  of  Motion  Used  in  PMM  Tests 
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where 

(|)g  is  the  phase  angle  between  struts, 

OJ  is  the  frequency  of  oscillation, 

X is  the  distance  of  each  gimbal  center  from  the  reference  point,  and 
U is  the  forward  speed  of  the  model. 

The  resulting  motion  is  one  in  which  the  model  CG  moves  in  a sinusoidal  path 
with  the  model  x-axis  tangent  to  the  path  (angle  of  attack  <y  = 0).  As  for  the 
heaving  tests,  the  forces  sensed  at  each  gage  are  processed  into  in-phase  and 
out-of-phase  components.  The  in-phase  components  of  force  are  directly 
related  to  the  angular  acceleration  and  the  quadrature  components  are  directly 
related  to  the  angular  velocity.  Thus  both  the  angular  acceleration  derivatives 
and  rotary  derivatives,  respectively,  can  be  computed  explicitly.  As  an  ex- 
ample of  the  latter,  the  nondimensional  rotary  (or  damping)  derivative  M ' can 
be  obtained  as  follows: 


M ' - — ^ ^ out  ) out^ 

q ^ ^qo' 

where 

(Z^  ')out  ^^3  '^out  nondimensional  quadrature  components  of 

normal  force  at  each  gimbal  center, 

q^'  is  the  nondimensional  amplitude  of  angular  velocity,  and 
i is  the  model  length. 

Coefficients  similar  to  those  illustrated  for  vertical-plane  motions  are  obtained 
on  PMM  Mark  I and  Mark  II  by  rotating  the  model  90  degrees  about  the  x-axis 
and  reattaching  it  to  the  tow  struts. 

APPLICATION  OF  DATA  TO  SOLUTION  OF  CABLE-TOWED-BODY  PROBLEMS 

The  hydrodynamic  coefficients  determined  from  PMM  tests  can  be  used  directly 
with  existing  equations  of  motion  to  perform  computer -simulation  studies  of  the 
motions  of  the  free  body  in  six  degrees  of  freedom.  Such  studies  can  include 
investigations  of  the  effects  of  changes  in  size  and  location  of  appendages,  loca- 
tion of  towpoint,  distribution  of  weight,  etc.  to  arrive  at  a suitable  hydrodynamic 
design  for  the  body  independent  of  the  cable.  Furthermore,  when  an  adequate 
means  for  representing  the  dynamics  of  the  cable  becomes  available,  the  cable 
representation  can  be  combined  with  the  body  representation  to  form  a complete 
mathematical  model  which  can  be  used  to  make  computer  predictions  of  the  ex- 
pected behavior  of  the  complete  cable- towed-body  system  under  various  en- 
vironmental conditions  at  sea.  Unfortunately,  the  state  of  the  art  on  the  coef- 
ficients defining  the  dynamics  of  cables  (both  bare  and  faired)  has  not  yet  reached 
an  adequate  stage  of  development.  However,  this  should  not  act  as  a deterrent 
against  taking  full  advantage  of  the  use  of  the  hydrodynamic  coefficients  to  estab- 
lish the  hydrodynamic  design  of  the  body  early  in  the  preliminary  design  stage. 

Short  of  conducting  sophisticated  analog  or  digital  computer  studies,  the  hydro- 
dynamic  coefficients  for  the  body  can  be  utilized  to  make  preliminary  analyses 
which  can  effect  design  decisions.  Some  examples  of  problems  which  can  be 
solved  in  this  manner  are  given  in  the  following  paragraphs.  A few  of  the  ex- 
amples given  are  problems  which  have  been  solved  traditionally  on  basis  of  tests 
of  dynamic  models  towed  by  cables.  It  is  submitted,  however,  that  the  proposed 
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approach  is  more  direct  and  informative.  Furthermore,  it  eliminates  the  trial 
and  error  type  of  testing  and  prevents  needless  delay  in  establishing  the  hydro- 
dynamic  design  of  the  body. 

To  illustrate  the  examples  and  to  provide  coefficients  for  a cable-towed  body- 
type,  the  data  obtained  from  FMM  tests  of  a 1:1  model  of  the  AN/SQA-13  (XN-1) 
VDS  body,  which  are  reported  in  Reference  2,  are  reproduced  in  Table  I.  Per- 
tinent geometric  and  inertial  characteristics  for  the  prototype  body  are  presented 
in  Table  2.  Unfortunately,  these  tests  were  carried  out  primarily  to  charac- 
terize the  specific  design  to  provide  a mathematical  model  for  later  simulation 
studies  of  the  system  and,  therefore,  most  of  the  design  decisions  already  had 
been  made.  Ideally,  for  preliminary  design  studies,  the  test  program  should  be 
somewhat  more  extensive  and  include  tests  of  the  bare  body  and  build-up  tests 
to  determine  the  contributions  of  separate  appendages  such  as  stabilizers,  wings, 
etc . 

Certain  design  judgments  can  be  based  directly  on  an  analysis  of  individual  hydro- 
dynamic  coefficients  or  derivatives.  To  illustrate,  the  question  of  whether  or 
not  the  body  is  statically  stable  with  respect  to  a given  reference  point  can  be 
answered  by  noting  the  sign  of  the  values  of  static  - moment  derivatives  such  as 
M^'  and  N^'  ; the  body  is  statically  stable  if  is  negative  or  N^'  is  positive 

(or  No  is  negative).  The  degree  of  static  stability  or  static  instability  is  indi- 
cated oy  the  magnitude  of  these  derivatives.  It  is  generally  believed  that  for 
good  performance,  a cable-towed  body  should  be  at  least  statically  stable  about 
the  towpoint,  but  the  degree  of  static  stability  required  is  a matter  of  conjecture. 
One  rule  of  thumb  which  seems  to  have  become  engrained  in  the  hydrodynamic 
design  process  is  that  the  stable  static -moment  derivative  (about  the  towpoint) 
of  the  body  equipped  with  stabilizers  should  be  0.  5 times  the  unstable  static- 
moment  derivative  of  the  bare  body.  This  rule  leads  to  the  incongruity  that,  if 
the  original  bare  body  is  marginally  statically  unstable  or  is  neutrally  statically 
stable,  it  would  require  little  or  no  static  stability  when  equipped  with  stabi- 
lizers. It  is  felt,  therefore,  that  there  is  an  urgent  need  for  the  establishment 
of  more  significant  static  stability  criteria  for  cable-towed  bodies.  Such 
criteria  could  be  one  outgrowth  of  systematic  computer-simulation  studies  in 
which  the  degree  of  static  stability,  as  indicated  by  the  magnitude  of  ^v'- 

is  related  to  the  dynamic  responses  of  the  body  alone  and  of  ultimately  the  cable- 
towed  body  system.  For  the  case  in  Table  1,  the  Scheme  A body  has  static 
stability  in  pitch  and  neutral  stability  in  yaw  about  the  reference  point.  Since  the 
towpoint  is  forward  of  the  reference  point,the  body  is  statically  stable  about  the 
towpoint  in  both  pitch  and  yaw  (M..^'  = -0.  0580  and  N^'  = + 0.  07  16).  It  is  to  be 
noted  that,  about  the  towpoint,  the  body  is  more  statically  stable  in  yaw  than  in 
pitch . 

Another  single  quantity  that  can  be  interpreted  in  terms  of  hydrodynamic  design 
is  the  drag  coefficient.  It  is  true  that  the  steady- state  drag  of  the  body  is  not 
too  important  in  cable-towed-body  systems  such  as  those  in  which  a deeply  sub- 
merged body  is  towed  from  a surface  ship.  Nevertheless,  a high  drag  coef- 
ficient may  have  other  implications . For  example,  a high  total  drag  coefficient 
which  IS  caused  by  a large  amount  of  residual  resistance  can  be  indicative  of 
■ f-ssive  flow  separation.  This  may  mean  that  there  will  be  flow  noise  which 
• ..  .lifect  the  performance  of  the  sonar  transducer,  or  that  there  is  associated 
,d.c  vortex  shedding  which  will  res’-lt  in  unsteady  body  motions.  These 
> , motions  may  be  a source  of  concern  in  regard  to  the  transducer  as  well 

1 • <.f  the  cable,  fittings,  etc.  The  residual-resistance  coefficient  C^.  for' 

.1-  Srnemc  A body  is  about  0.0014  compared  with  its  frictional-resist- 
t at  20  knots  of  about  0.  0026.  Thus,  although  some  improvement 
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TABLE  1 

Nondimensional  Derivatives,  Coefficients  and  Hull  Constants 
Applicable  to  Prototype  Scheme  A AN/SQA-13  (XN-1)  VDS  Body 


Hull  Quantities 


I ' 0.0125 

y 

I ' 0. 0125 

z 

m'  0 . 2886 


m ' 0.1179 

o 

x,j,'  0.  1440 

x„'  0.0099 

o 

x„'  0.0094 

o 

z,^'  -0.2340 


^B 


Hydrodynamic  Quantities 

Longitudinal 

Late  ral 

Z ' 

-0. 1427 

Y ' 

-0. 4928 

w 

V 

M ' 

-0.0372 

N ' 

0. 0 

w 

z ' 

-0. 0269 

Y ' 

0. 1366 

q 

r 

M ' 

-0. 0457 

N ' 

-0. 0802 

q 

r 

z • ' 

-0.0686 

Y-  ' 

-0. 2214 

W 

V 

M ■ ' 

0. 0059 

N.  ' 

-0. 0019 

w 

V 

z- ' 

0.0048 

V ' 

0.0135 

q 

r 

M-  ' 

-0.0030 

N-  ' 

-0.0142 

q 

r 

X ' 

-0.0049 

K ' 

-0. 0255 

UU 

V 

X ' 

0. 2520 

K ' 

0.0790 

vv 

r 

X 

0.0821 

K.  ' 

-0. 0425 

ww 

V 

z,..' 

0.0038 

K.  ' 

0.0159 

r 

0.0004 

0.0051 


NOTE:  All  quantities  are  referred  to  a point  3.  5 feet  aft 

of  the  nose  on  the  longitudinal  centerline  of  the  body.  The 
values  of  I ' and  I ' were  estimated  based  on  the  model 

y z 

airswing  tests.  The  value  of  z^  was  assumed. 
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TABLE  2 


Geometric  and  Inertial  Characteristics  of  Schetne  * 
AN/SOA  13  (YN-1)  VDS  Body 


Length  overall,  feet 

8.  12 

Maximum  width,  feet 

2.  17 

Maximum  height,  feet 

4.  04 

Height  of  tail,  feet 

4.  62 

Displacement,  pounds 

2000 

Weight  in  standard  sea  water,  pounds 

2951 

Weight  in  air,  pounds 

3825 

Total  weight  (including  free -flooding  water),  pounds 

4951 

Static  trim  angle  in  water,  degrees 

0 

Longitudinal  distance  from  nose  to  towpoint,  feet 

2. 33 

Longitudinal  distance  from  nose  to  CG,  feet 

2.74 

Longitudinal  distance  from  nose  to  CB,  feet 

3. 42 

Height  of  CG  above  baseline,  feet 

2.  12 

Height  of  CB  above  baseline,  feet 

2.  08 

Total  wetted  surface  area,  square  feet 

80.  0 

Frontal  area,  square  feet 

7.  14 

Horizontal  planform  area  of  bare  body,  square  feet 

7. 84 

Planform  area  of  vertical  tail  surface,  square  feet 

5.  54 

Planform  area  of  upper  horizontal  tail  surface,  sq  ft 

1. 50 

Planform  area  of  lower  horizontal  tail  surface,  sq  ft 

2.0 

Planform  area  of  each  vertical  trim  tab,  square  feet 

0.22 

Planform  area  of  each  horizontal  trim  tab,  square  feet 

0.09 

Volume,  cubic  feet 

31.  35 

NOTE:  The  location  of  the  center  of  gravity  (CG)  is  for  the 
body  immersed  in  water  and  includes  the  contribution  of 
free-flooding  water. 
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could  be  made  by  further  streamlining,  it  is  believed  that  this  body  would  not 
have  the  aforementioned  flow  separation  problems . 

The  static  coefficients  can  be  used  in  various  combinations  to  determine  perti- 
nent quantities  such  as  cable  tension  at  the  body  Tq,  cable  angle  at  the  body  4>^, 
and  equilibrium  body  pitch  angle  9.  These  quantities  plsy  an  important  role  in 
making  judgments  as  to  towpoint  location,  total  weight  of  body  including  water 
ballast,  location  of  the  center  of  gravity  (both  longitudinal  and  vertical),  and 
trim-tab  settings,  if  required.  The  values  Tq  and  ({)q  can  be  used  as  end  condi- 
tions with  existing  cable  formulations  to  compute  steady-state  cable  configura- 
tions and  tensions.  To  illustrate,  the  static  equilibrium  equations  for  the  body 
in  the  vertical  plane  for  the  case  where  the  towpoint,  center  of  gravity,  and 
center  of  buoyancy  are  not  coincident  are: 


I 


X = r X ' cos^  o'+  X ' sin^  o»1  + (B  - W)  sin  0 = - T cos  ^ 

L uu  ww  J o o 

z = r cos  ry  sin  n/  + cos^  0^1  + (W  - B ) cos  0 = T^  sin  4>^ 

M = ip£^U^  r M ' cos  rt  sin  ry  + M.,,'  cos^  ry  ' 

+ (XgB  - x^W)  cos  0 + (ZgB  - ZqW)  sin  0 

= -^T  '^o  ‘•’o  - ^T  '^o  '^o 

where  0 = and,  for  small  angles,  cos  ry  sa  1 

Taking  the  numerical  values  listed  in  Tables  1 and  2 for  the  Scheme  A body, 
and  solving  the  foregoing  equations  for  a speed  of  20  knots: 

Tq  = 3322  pounds 
(|)^  = 84.  1 degrees 

0 =-0.4  degree 

The  static  equilibrium  equations  can  be  simplified  for  the  special  case  where 
the  towpoint,  center  of  gravity,  and  center  of  buoyancy  are  longitudinally 
coincident  (xg  = x„  = x.^,).  In  such  a case,  it  can  be  shown  that  the  body  will 
have  a zero  equilibrium  pitch  angle  at  all  towing  speeds  if  the  following 
relationship  is  satisfied: 


[ -V 

I 


i 


The  dynamic  characteristics  of  the  free  body  can  be  studied  best  with  an  analog 
or  digital  computer.  However,  an  indication  of  dynamic  stability  in  various 
modes  of  motion  can  be  obtained  by  using  the  values  of  the  static,  rotary,  and 
acceleration  derivatives  to  solve  for  the  roots  of  the  characteristic  stability 
equations . 

Of  course,  if  a deeply  submerged  body  is  shown  to  be  statically  stable  on  basis 
of  the  signs  of  the  static-moment  derivatives  M ' and  it  will  certainly  be 

dynamically  stable  as  well,  in  the  pitching  and  yawing  modes,  respectively. 
However,  stability  indices  and  other  criteria  such  as  damping  ratio,  time  to 
damp  to  half  amplitude,  etc  may  provide  an  indication  of  the  degree  of  dynamic 
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stability.  Again,  as  in  the  case  of  static  stability,  the  degree  of  dynamic 
stability  that  is  desirable  for  cable-towed  bodies  is  presently  a matter  of  specu- 
lation, but  could  be  defined  eventually  on  basis  of  systematic  computer- 
simulation  studies.  In  the  case  of  the  Scheme  A body,  the  stability  indices  are 

oiv  = - 1.  3810  and  aih  = - 1 . 07 26  for  the  vertical  and  horizontal  planes  of  motion 
respectively.  ’ 


CONCLUDING  REMARKS 

There  is  a strong  need  for  fundamental  hydrodynamic  data  and  design  criteria 
to  aid  in  the  solution  of  many  complex  problems  attendant  with  the  use  of  cable- 
towed-body  systems.  Captive-model  techniques  such  as  the  DTMB  Planar- 
Motion-Mechanism  System  that  have  been  developed  in  recent  years  offer  a 
direct,  expedient,  and  relatively  economical  method  of  providing  this  informa- 
tion. Ultimately,  it  would  be  desirable  to  obtain  fundamental  hydrodynamic 
coefficients  on  systematic  series  of  representative  types  of  bodies  that  are  or 
should  be  used  in  various  cable-towed-body  applications.  Meanwhile,  until  such 
systeniatic  design  data  become  available,  it  is  urged  that  captive-model  techniques 
be  applied  on  a regular  basis,  to  specific  designs  of  at  least  major  cable-towed- 
body  systems. 
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respectively 

Derivative  of  rolling  moment 
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moment  component  with 
respect  to  f 

Derivative  of  rolling  moment 
component  with  respect  to  v 
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V = 1 


M 

^0 


Derivative  of  rolling 
moment  component  with 
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Characteristic  body  length 

Hydrodynamic  moment  about 
y-axis  (pitching  moment) 
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i p u^ 
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moment  at  zero  body  angle 
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q i p u 


Derivative  of  pitching 
moment  component  with 
respect  to  angular  velocity 
component  q 
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w i p U 


Derivative  of  pitching 
moment  component  with 
respect  to  angular  accelera- 
tion component  q 

Derivative  of  pitching 
moment  component  with 
respect  to  velocity  compo- 
nent w 
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Derivative  of  pitching 
moment  component  with 
respect  to  acceleration 
component  w 
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Derivative  of  pitching 
moment  component  with 
respect  to  pitch  angle 
component  0 

Mass  of  body,  including 
water  in  free-flooding 
spaces 

Mass  of  displaced  volume 
of  water 

Hydrodynamic  moment 
about  z-axis  (yawing 
moment) 

Derivative  of  yawing 
moment  component  with 
respect  to  angular 
velocity  component  r 


Derivative  of  yawing 
moment  component  with 
respect  to  angular  ac- 
celeration component  r 


Derivative  of  yawing 
moment  component  with 
respect  to  velocity  com- 
ponent V 

Derivative  of  yawing 
moment  component  with 
respect  to  acceleration 
component  v 


Angular  velocity  compo- 
nent relative  to  y-axis 


Angular  acceleration  com- 
ponent relative  to  y-axis 

Angular  velocity  compo- 
nent relative  to  z-axis 

Angular  acceleration 
component  relative  to  z- 
axis 

Velocity  of  origin  of  body 
axis  relative  to  fluid 
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Symbol 
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uu 
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vv 
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ww 


Dimensionless  Form 
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Component  along  y- 
axis  of  vehjcity  of 
origin  of  body  axes 
relative  to  fluid 

Component  along  y- 
axis  of  acceleration 
of  origin  of  body  axes 
relative  to  fluid 
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Component  along  z- 
axis  of  yelocity  of 
origin  of  body  axes 
relative  to  fluid 

Component  along  z- 
axis  of  acceleration 
of  origin  of  body  axes 
relative  to  fluid 

Hydrodynamic  longi- 
tudinal force,  positive 
forward 

Derivative  of  longi- 
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with  respect  to  the 
square  of  the  velocity 
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Symbol 


Dimensionless  Form 

Definition 
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Longitudinal  distance 
to  center  of  gravity 
measured  from  refer- 
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forward 

, XT 

Longitudinal  distance 

T 1 

to  towpoint  measured 
from  reference  point, 
positive  forward 

Y-=  Y 

Hydrodynamic  lateral 

J p u“ 

force,  positive  star- 
board 

Derivative  of  lateral 

^ 1 p £=^  U 

force  component  with 
respect  to  angular 
velocity  component  r 
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Y.'= — 

Derivative  of  lateral 
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force  component  with 
respect  to  angular  ac- 
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angle 
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Derivative  of  normal 

k 0 ^ 
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^ § 0 £^ 

force  component  with 

respect  to  angular 
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Symbol 


Dimensionless  Form 


Derivative  of  normal 
force  component  with 
respect  to  velocity 
component  w 


Derivative  of  normal 
force  component  with 
respect  to  acceleration 
component  w 


Vertical  distance  to 
center  of  buoyancy 
measured  from  refer 
ence  point,  positive 
downward 


Vertical  distance  to 
center  of  gravity 
measured  from  refer 
ence  point,  positive 
downward 


Vertical  distance  to  tow- 
point  measured  from 
reference  point,  positive 
downward 


Angle  of  drift 


Angle  of  pitch 


Mass  density  of  water 


Circular  frequency  of 
oscillation 


Cable  tension  at  body 


NOTE:  All  derivatives  with  respect  to  angular  quantities  are  given  as 
"per  radian." 
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SESSION  II.  Towed  Body  Hydrodynamics 


1)  Mr.  Jeffrey  was  asked  if,  when  making  the  parametric  variations  in  one  sta- 
bility derivative,  its  attendant  effect  on  the  other  stability  derivatives 
was  considered.  It  was  pointed  out  that  since  this  was  a digital  analysis, 
corrections  were  applied  to  all  derivatives  for  variations  in  one. 

Mr.  Jeffrey  pointed  out  that  only  two  degrees  of  the  freedom,  roll  and  pitch, 
were  assumed  for  the  coupling  between  the  towline  and  body.  The  towline  was 
assumed  to  be  constrained  in  yaw. 

The  single  towline  link  at  the  body  was  simulated  by  a spring  and  damper  along 
each  of  the  three  orthogonal  axes.  The  spring  constants  and  damping  coeffi- 
cients were  obtained  by  differentiating  the  equations  for  the  towline  con- 
figuration. 

Present  analysis,  it  was  explained,  assumes  that  the  lateral  and  longitudinal 
modes  are  decoupled  and  are  therefore  examined  separately.  Future  plans, 
however,  call  for  coupling  these  modes  in  complete  six-degree  of  freedom 
system  study. 

2)  Mr.  Hamill  was  questioned  on  the  comparison  of  the  full-scale  towing  results 
with  the  model  tests.  He  stated  that  comparison  was  made  only  for  pitch  re- 
sponse. This  comparison  indicated  that  the  full-scale  system  was  pitching 
somewhat  more  than  the  model.  This  was  attributed  to  the  fact  that  the  model 
tests  were  conducted  with  a very  large  amplitude  sinusoidal  disturbance,  and 
nonlinearity  of  the  body  forces  would  give  less  response.  Response  from  the 
full-scale  body,  on  the  other  hand,  was  the  result  of  insignificant  excita- 
tion at  the  tow  point. 

3)  Mr.  Gertler  was  asked  whether  the  support  strut  spacing  was  fixed  or  variable. 
He  answered  that  the  spacing  can  be  varied  between  3 1/2  and  7 1/2  feet. 

A 6-foot  spacing  is  generally  used.  To  accommodate  lateral  work,  the  PPM 
model  is  rotated  90°  so  that  the  struts  protrude  through  the  side  of  the  model. 
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STEADY -STAl'E  TO^^MG  TOEORY  - A DESIGNER'S  SUKMAIQ 


Michael  C.  Eames 
Head,  Fluid  Mechanics 
Naval  Research  Establishoient 
Dartmouth,  N.S.,  Canada 

ABSTRACT 


This  paper  suminarizes  the  steady-state  theory  of  towing  cables  in  a 
general  form  applicable  to  all  types  of  cable.  Intended  as  a manual  for  the 
towed  system  designer,  it  emphasizes  practical  methods  and  simple  approximations 
which  have  proved  useful  for  preliminary  design. 


FUNDA^.E^•TA1S 


ASSUMPTIONS 

1* 

The  fundaoiental  theory,  as  originated  by  Glauert  and  developed  by 
Landweber^  and  Pode^,  is  based  on  the  following  assumptions. 

1.  The  cable  is  unifonn  and  moving  at  constant  horizontal  velocity, 

2,  The  cable  lies  wholly  in  a plane  containing  the  direction  of  motion  and, 
unless  all  gravity  forces  are  neglig-ible,  the  vertical  direction, 

3«  The  cable  ends  are  subjected  to  constant  forces  acting  in  the  plane  of 
the  cable,  and  the  cable  generates  no  force  outside  this  plane. 

4,  The  cable  is  completely  flexible,  sustaining  no  internal  forces  other  than 
tension, 

5»  The  hydrodynamic  force  acting  on  an  elonent  of  cable  depends  only  on  the 

angle  of  that  element  to  the  flow,  and  is  unaffected  by  neighoouring  elements, 
6.  Free  surface  effects  are  negligible, 

EQUILIBRIUM  CONDITIONS 

Fig,  1 shows  an  element  of  cable  of  length  ds , inclined  at  an  angle  0 
to  the  flow  at  its  centre,  where  the  tension  is  T,  Let  the  resultant  of  the 
external  hydrodynamic  and  gravity  forces  on  the  elonent  have  components  P(0) 
and  Q(0)  per  unit  length,  respectively  tangential  and  normal  to  the  cable  as 
shown.  Then  the  changes  in  tension  and  cable  angle  over  the  length  of  the 
element,  dT,  d0,  necessary  to  maintain  equilibrium  are, 


dT  = 

-P(0)  ds 

(1) 

Td0  = 

-Q(0)  ds 

(2) 

These  are  the  fundamental  differential  equations  describing  the  steady- 
state  behaviour  of  a cable. 


• Superior  numbers  refer  to  similarly  numoered  references  at  the  end  of 
this  paper. 


CRITICAL  ANGLE 


When  a cable  is  tcfwed  without  a body  on  the  end,  it  lies  in  a straight 
line  inclined  at  the  "critical  angle",  to  the  flew.  This  angle  is  such  that 
the  net  external  force  normal  to  each  cable  element  is  zero*  Hence  it  is  the 
root  of  the  equation, 

Q(0c)  = 0 (3) 

When  a body  is  added,  exerting  a force  inclined  at  to  the  flow,  it 
pulls  the  end  of  the  cable  away  frcoi  this  line,  but  remote  from  the  body 
influence  the  cable  tends  towards  its  critical  angle,  and  all  cable 
configurations  are  asymptotic  to  a straight  line  inclined  at  to  the  flow. 

The  following  facts  follow, 

1,  When  0o  ^ 0Ct  the  cable  configuration  is  concave  downwards, 

2,  When  0o  < 0c»  the  cable  configuration  is  concave  upwards, 

3*  The  curvature  of  a configuration  maintains  its  sign  and  decreases  to  zero 
as  the  cable  length  is  increased  indefinitely. 

In  practice,  applications  requiring  faired  cable  involve  0o  > 0c»  with 
0 < 0 < tt/2.  Since  the  treatment  of  Pod^  appears  adequate  for  bare  cable 
applicationj , the  current  paper  describes  only  this  "first  quadrant"  case  to 
simplify  the  geometry, 

CABLE  FUNCTIONS 


It  is  convenient  to  adopt  axes  as  shown  in  Fig,  2,  with  the  origin  at  the 

point  where  the  cable,  or  its  Imagined  extension,  has  a cable  angle  of  90°,  The 

positive  Ox  axis  defines  the  direction  of  motion,  with  Oy  positive  upwards.  The 
body  is  at  (xq,  yo)  where  the  tension  is  Tq  and  the  cable  angle  is  0o»  The 
surface  is  at  (x-j^,  yi>  where  the  tension  is  Tj^  and  the  cable  angle  is  The 

scope  is  s'  = SI  - Sq.  where  si  and  Sq  are  the  curved  lengths  measured  from  the 

origin.  Similarly,  the  trail  is  x'  = x^  - Xq  and  the  body  depth  is  y*  = yi^  - y©* 

Let  the  tension  in  the  Imagined  extension  of  the  cable  be  Ai  at  the  origin. 

The  tension  at  any  point  in  the  cable  may  be  obtained  by  summing  the  forces 
along  the  cable  from  any  reference  point  where  the  tension  and  cable  angle  are 
known.  In  practice,  it  is  convenient  to  refer  all  such  integrations  to  the 


origin,  even  though 
eliminate  ds. 


A,  must  first  be  determined.  Combining  (1)  and  (2)  to 


k 


and,  integrating  from  the  origin  to  any  point  along  the  cable. 


T = exp 


T ^ 

J tt/2 


(^) 
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where  T,  P(0)  and  Q((^)  have  been  ejcpressed  non-dimensionally  as 

T = T/Ai  P(0)  = P(0)/R  q(0)  = Q(0)/R 


where 

flow. 


R is  the  drag  of  the  cable  per  unit  length  when  it  is  normal  to  the 


The  cable  length  from  the  origin  to  any  point  along  the  cable,  and  the 
corresponding  coordinates,  may  be  obtained  by  integrating  (2)  in  the  form. 


and  by  using, 


ds  = -Td0/Q(0) 
dx  = cos  0 ds 
dy  = sin  0 ds 

In  the  non-dimensional  fom,  the  resulting  cable  functions  are, 

'0 


■f 

■f 

■I 


tt/2 

0 

tt/2 

0 

tt/2 


Td0 

-q(0) 


(5) 


T Cos  0 

-q(0) 


T sin  0 

-q(0) 


d0 


(6) 


d0 


(7) 


where  cr  = sR/Aj^ 


= yR/Aj 


% = 3<R/Ai 

These  differ  from  Pode's  functions^  only  in  that  they  specify  the  origin  at 
0 = tt/2. 

The  usual  procedure  for  applying  these  functions  is  as  follcws.  Body 
characteristics  determine  the  tension  and  cable  angle  at  the  body,  Tq  and  0(. 
Equation  (4)  is  used  to  find  Xq» 
can  then  be  scaled. 


then  Ai  = Tq/to»  All  the  cable  functions 


The  cable  functions  completely  specify  the  configuration  and  may  be 
evaluated  numerically  for  any  form  of  the  functions  p(0)  and  q(0),  which  specify 
the  forces  acting  on  a cable  element.  The  essential  problem  of  cable  theoiry 
lies  in  the  selection  of  p(0)  and  q(0). 

Except  in  special  cases,  the  cable  functions  can  only  be  integrated 
numerically,  and  practical  methods  of  calculation  have  used  function  tables,  such 
as  those  of  Pode^  for  'oa-re  cable,  and  Eames^  for  faired  cable.  Digital  computer 
programs  are  now  replacing  tables  when  numerical  integration  is  necessary. 
However,  the  direct  integration  of  special  cases  remains  of  equal  interest  for 
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approximate  design  and  analysis,  and  for  providing  that  physical  insight  which 
is  denied  by  numerical  solution. 


LOADING  FUNCTIONS 


DEFINITIONS 


To  define  the  loading  functions,  the  force  components  P(^)  and  Q(^)  are 
first  separated  into  hydrodynamic  and  gravity  terns.  In  Fig,  3»  F({<)  and  Q(0) 
are  the  normal  and  tangential  components  of  the  drag  per  unit  length  of  a cable 
eloaent.  Then  if  W is  the  weight  of  the  cable  per  unit  length  (in  water), 

P(<<)  = -G(0)  -W  sin  0 , Q(0)  = +F(0)  -W  cos  0 

or,  in  non-dimensional  form, 

P(0)  = -g(0)  -tan  4 sin  0 , q(0)  = +F(0)  - tan  « cos  0 

where  the  hydrodynamic  loading  functions  are  defined  by 

f(0)  = F(0)/R  . g{0)  = G(0)/R 

and  the  "weight  angle",  i,  is  defined  by 

tan  * = W/R 

The  exact  nature  of  the  hydrodynamic  drag  of  a cable  element  is  unknown 
and  assumptions  must  be  made.  The  assunption  underlying  the  proposed  theory  is 
that  the  drag  can  be  separated  into  two  additive  terms  which,  when  the  cable  is 
normal  to  the  stream,  are  written, 

jjR,  the  component  due  to  friction  effects,  per  unit  length, 

(l-|i)R,  the  conponent  due  to  pressure  effects,  per  unit  length. 

The  papameter  u is  called  the  "friction  ratio". 

PRESSURE  ERAQ 


When  the  element  is  inclined  to  the  flow,  the  tangential  component  of 
velocity  is  assumed  to  have  negligible  effect  on  the  pressure  distribution  round 
the  cable,  so  that  pressure  drag  will  result  only  from  the  normal  velocity 
component.  This  is  the  "crossflow  principle"  of  aerodynamics.  Since  pressures 
act  normal  to  their  surface,  and  are  proportional  to  velocity  squared,  the 
pressure  drag  will  be  (1  - ^)R  sin^  0,  normal  to  the  cable, 

FRICTION  ERAG 


The  friction  drag  is  assuned  unaffected  by  the  pressure  distribution,  so 
that,  as  first  suggested  by  Reber^,  it  will  act  in  the  direction  of  the  flow  and 
be  independent  of  cable  angle.  This  will  be  a valid  assumption  only  in  the  case 
of  a well  faired  cable  of  small  thickness  chord  ratio,  and  it  neglects  changes 
in  Reynolds  Number  which  may  become  significant  at  very  small  cable  angles,  A 
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refinement  is  considered  below  under  FORM  ERAG  THEORY,  but  the  present 
assumption  appears  adequate  for  most  practical  purposes. 

PROPOSED  FUNCTIONS 

k major  advantage  of  the  above  formulation  is  that  direct  integration  of 
the  cable  functions  is  possible  in  many  cases.  It  must  be  appreciated  however, 
that  this  proposal  is  strictly  a simplifying  assvanption  justified  by 
experience,  and  it  must  oe  applied  with  caution.  However,  this  remark  applies 
almost  equally  to  the  underlying  assumption  that  friction  and  pressure  components 
are  separate  and  additive.  Seeking  too  much  refinement  in  terms  of  simple 
functions  is  thus  unlikely  to  be  profitable. 

On  this  basis,  then,  the  proposed  loading  functions  are, 

f(0)  = (1-p)  sin^  ^ sin  0 

g(0)  = ^ cos  0 (8) 

The  two  extreme  oases  represented  by  p = 0 and  = 1 are  of  interest. 

VThen  = 0.  the  cable  is  called  BLUFF,  An  ordinary  bare  cable  approaches 
this  Condition,  but  a BLUFF  cable  has  no  tangential  force  component  and  its 
tension  does  not  increase  along  its  length.  When  tension  estimates  are  important 
it  is  essential  to  include  the  small  value  of  appropriate  to  bare  cable.  The 
BLUFF  cable  closely  approximates  the  configuration  of  a oare  cable,  however,  and 
was  the  form  adopted  by  Glauert"^  in  the  earliest  theory. 

When  jL  = 1.  the  cable  is  called  FINE.  A fully-enclosed  fairing  of  small 
thickness-chord  ratio  approaches  this  ideal.  In  this  case  the  tension  of  a 
practical  cable  is  overestimated,  so  the  FINE  cable  is  useful  for  conservative 
preli£riinai?y  design.  It  is  particularly  useful  for  faired  cable  when  cable  v’eight 
is  important,  as  will  be  appreciated  later,  and  tables  of  the  cable  functions  are 
available^. 

FORM  DRAG  THEORY 


There  is  some  evidence  that  values  of  g(0)  drop  significantly  below  the 
cosine  form  at  cable  angles  lower  than  30®,  This  is  the  expected  result  of 
neglected  form  drag  and  Reynolds  Number  effects. 

Pending  further  experimental  evidence  it  is  premature  to  suggest  a refinement 
to  the  proposed  theory  for  practical  engineering  purposes,  particularly  when  this 
would  cause  a less  conservative  result.  However,  it  is  an  interesting  theoretical 
exercise  to  examine  the  effects  of  reduced  tangential  drag  at  small  angles. 

To  do  this  a third  additive  drag  component  is  assumed.  This  is  called  form 
drag,  although  it  is  a hypothetical  concept  only.  When  the  cable  is  normal  to  the 
stream,  the  forces  per  unit  length  are  now,  ^iR  due  to  friction,  ^jR  due  to 
form,  and  (1  - jj,  - v)R  due  to  pressure.  The  parameter  v is  called  the  "form 
ratio" . 


The  form  drag  is  assunied  to  act  in  the  direction  of  the  flow,  but  to  decrease 
linearly  with  the  effective  horizontal  thickness-ratio  as  cable  angle  decreases. 
Thus  it  follows  a sine  law  and  the  "improved"  loading  functions  are. 
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(9) 


f(0)  = (1  - ^)  sin^  0+^1  sin  0 

g(0)  = }i  cos  0 + V sin  0 cos  0 

Note  that  f(0)  has  not  been  affected  because  the  normal  ccmponent  of  fomi  drag 
follows  the  sine  squared  law. 

The  third  extreme  case  which  arises  when  n - 0,  v = ^ represents  another 
type  of  ideal  fairing  called  MODIFIED  FINE  cable.  Tensions  are  again  overestimated, 
but  this  case  yields  a configuration  which  is  particularly  convenient  for  some 
engineering  approximations. 


CABLE  CLASSIFICATION 


CABLE  FUNCTION  SOLUTIONS 


At  this  stage.it  is  convenient  to  classify  the  various  cable  types  according 
to  the  values  of  the  parameters  f,  ji,  and  v* 

Any  case  in  which  ^ is  assumed  zero  is  called  a LIGHT  cable;  otherwise 
the  cable  is  HEAVY.  It  should  be  noted  that  absolute  cable  weight  is  not  the 
criterion  here.  Negligible  f requires  W to  be  very  small  compared  with  R, 
and  this  is  usually  detemined  by  the  towing  speed  rather  than  by  cable  weight. 

Fig.  4 shows  how  the  types  of  LIGHT  cable  are  classified  by  their  assumed 
loading  functions,  values  of  (^,  v)  being  shown  in  parentheses.  All  vectors  in 
Fig.  4 are  to  be  multiplied  by  R ds  to  obtain  the  appropriate  forces.  The 
same  types  of  HEAVY  cable  exist,  of  course. 

The  following  paragraphs  list  and  consider  solutions  of  the  cable  functions 
for  the  various  types,  when  these  can  be  integrated  directly. 


LIGHT  BLUFF  CABLE  (jx  = 0,  v = 0) 


fB(0)  = sin20,  , gg(0)  = 0 

(10) 

tB  = 1 

(11) 

ffB  = cot  0 

(12) 

5B  = cosec  0-1 

(13) 

0 

= In  cot  ^ 

(1^+) 

LIGHT  FINE  CABLE  fji  = 1.  » = 0^ 

fp(0)  = sin  0 , gp(0)  = cos  0 

(15) 

~ cosec  0 

(16) 

OF  = «Tb  t 5f  ■ ‘’V  ” 

(17) 
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F ' ^ 

LIGHT  GENERAL  CABLE  (|i  = x,  v = 0) 


fo(0) 

= (1  - |i)  sin^  0 + ^ sin  0 , 

gQ(0)  = p cos  0 

(18) 

Tq  = 1 + ( cosec  0-1) 

(19) 

• 5g  = ?B 

II 

(20) 

’ I 


The  fact  that  ctq,  Jq  and  7)  are  independent  of  might  suggest 
cable  configuration  is  identical  in  the  three  cases  considered  above. 


might  suggest  that  the 
It  is 

important  to  anpreciate  that  this  is  only  true  of  the  non-dimensional  configuration 
starting  from  the  origin.  The  scaling  of  the  actual  configuration  (and  hence  also 
the  position  of  the  towed  body  from  the  origin)  is  governed  by  A^/R  vjhich  depends 
on  T»  Thus  the  effect  of  ^ is  to  control  the  tension  distribution  according 
to  (19) f and  to  adjust  the  scale  of  the  configuration.  In  practice,  this  scale 
adjustment  is  siriall  if  the  towed  body  has  a low  drag-downforce  ratio. 

The  function  tq  is  particularly  useful,  and  is  plotted  in  Fig.  5.  The 
basic  non-dimensional  configuration  defined  by  is  equally 

important.  Eliminating  0 between  5^  and  71^  yields. 


= cosh  7), 


B 


- 1 


(21) 


which  is  the  equation  of  a catenary.  This  basic  catenary  is  plotted  in  Fig.  6. 

It  should  be  noted  that  R does  not  appear  in  the  cable  functions.  This 
iitiplies  that  towing  speed,  cable  nornjal  drag  coefficient  and  cable  diameter 
serve  only  as  scaling  factors,  except  that  towing  spieed  usually  also  governs 
the  body  cable  angle  and  hence  the  position  of  the  body  along  the  catenary. 


MODIFIED  LIGHT  FINE  GABLE 


(^  = 0,  V = 1) 


sin^0 

> 

= sin  0 cos  0 

(22) 

TM  = 

Tp 

(23) 

In  cot 

^7. 

2 

cosec  0 

cot  0 

(24) 

?M  = 

1 2 j 

2 cot  0 

(25) 

% = 

cot  0 

(26) 

u 

r 


The  non-dimensional  configuration  in  this  case  has  changed  from  the  basic  catenary 
to  the  simple  parabola. 


5m  - 


(27) 


which  is  also  plotted  in  Fig.  6.  Since  this  case  is  not  as  versatile  or  realistic 
as  the  LIGHT  GET^ERAL  cable,  it  is  seldom  used  in  its  own  right.  However,  the 
resulting  "parabolic  anproximation"  to  the  catenary  is  frequently  assumed  for 
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special  purposes  because  of  the  siiiiple  geometrical  properties  of  a parabola 


LhPROVED  LIGHT  FINE  CABLE  (|i  = x,  » = 1 - x) 

^IF(0)  = (1  - )'•)  sin  0 + ^ sin  0,  gjF(0)  = fx  cos  0 + (1  -^)  sin  0 cos  0 


TjF  - Ty 


<TIF  = cot  0 _ ^ 2 [ In  cot  2 - (1  “ ti)^J 


5if  = (cosec  0 _ 1)  - ln(l  + u (cosec  0-1)) 


P 

i 0 1 

= u 2 - ^ X 


where  X = 


ATT 


tan 


(sec  0 - tan 


0)]  . 


for  K > 2 


7^ 


In  U-|l>  * |>  sin  ^ for  ,,  < J 


p + (1  - )i)  Sin  0 


= 2 (sec  0 - tan  0) 


for  fi  = 


(28) 

(29) 


(30) 


(31) 

(32) 


(33) 


The  second  terms  in  0™*  C-n?'  represent  corrections  causing  the  non- 

dimensional  configure tax>n  to"^ deviate  from  the  basic  catenary  as  ^ decreases. 
The  eventual  parabolic  form  of  the  MODIFIED  FINE  caole  cannot  be  recognized 
because  the  solution  is  not  valid  at  jr  = 0,  The  entire  configuration  is  scaled 
by  and  in  this  case  it  is  the  non-dimensional  tension  distribution  which  is 

independent  of 


The  above  expressions  are  cumoersorie  and  probably  offer  little  advantage 
over  a numerically  integrated  solution.  However,  the  special  case  given  by 
= 1/2,  V = l/2,  physically  representing  good  high-speed  faired  cable,  is  of 
particular  interest.  Its  solution  reduces  to. 


tri/2  F 

= 2 

^cot  0 - In  cot  $ + (sec  0 - tan  0)^ 

(34) 

?l/2  F 

= 2 

^(cosec  0 - 1)  - In  ^ * 1 J 

(35) 

\/2  F 

= 2 

^In  cot  ^ - (sec  0 _ tan  0)J 

(36) 

This  configuration  is  shown  dotted  in  Fig.  6 


and  if  nvunerical  integration  must  be  programmed,  it  is  sensible  to  adopt  the 
most  general  case  of  IMPROVED  HEAVY  GE>ilERAL  cable. 

BiPROVED  LIGHT  GENERAL  CABLE  (p  = x,  v = y) 


Similiarly,  this  case  yields  only,  ^ 

Tj  = cosec  0|"jt  + (1  - p)  sin  ^ 


(38) 


by  direct  integration.  This  might  be  usefully  employed  to  refine  the  tension 
estimate  in  cases  employing  LIGHT  GENERAL  cable,  but  the  validity  of  the 
refinement  has  yet  to  be  established  experimentally. 

HEAVY  CABLES  - CRITICAL  ANGLES 

Taking  the  most  general  case,  the  equation  for  the  critical  angle  (3) 
becomes , 

2 

(1  - ^i)sin  0<j  + sin  - tan  * cos  = 0 (39) 

Since  fj(0)  = f(j(0)  , form  drag  has  no  effect  on  the  critical  angle  and  this 
equation  is  independent  of  v.  Solutions  are  presented  in  Fig.  7. 

Explicit  solutions  can  be  written  for  the  two  extrar.e  cases 

0co  “ cos“^  7 (Jtan^  ^ + 4*  - tan  ♦) , when  = 0 (Uo) 

0ci  = * t when  u = 1 (41) 

Thus  the  weight  angle  ^ is  seen  to  be  the  critical  angle  of  HEAVY  FINE  cable. 


For  all  HEAVY  cables,  towing  speed,  cable  normal  drag  coefficient  and 
cable  diameter  cannot  be  regarded  merely  as  scaling  factors.  The  non- 
dimensjonal  cable  configuration  itself  depends  on  these  variables  because  ^ 
is  a function  of  R. 


On  substituting  the  appropriate  loading  functions  for  HEAVY  cable,  it  is 


found  that  the  cable  functions  can  be  directly  integrated  in  only  one  special^ 

1 case.  This  is  the  HEAVY  FINE  cable,  discussed  at  length  in  an  earlier  report  . 

2 HEAVY  FINE  CABLE  («  = 1,  V = o,  * = x) 


.V# 


t 1 


5hf  = cos^  ^ ^cosec  (0  - f)  . tan  ^ In  cot  ^ ^ 

- sec  * + tan  i In  (tan  f + sec 


(i*4) 


‘’W 


= cos"^  ♦ I In  cot 


+ tan  ♦ cosec  (0  - ^) 


- ln(tan  % + sec  - tan  ^ sec  *J 


(^5) 


The  effect  of  on  r and  Tl  is  similar  to  that  which  would  result  frcan 
a rotation  of  the  configuration  through  the  angle  This  might  be  expected, 

since  f is  the  critical  angle  in  this  case.  The  tension  function  and  non- 
dimensional  configurations  are  plotted  in  Figs.  8 and  9. 


IMPROVED  HEAVY  GENERAL  CABLE  (p  = x,  v = Y.  ♦ = z) 


In  all  other  cases  numerical  integration  is  necessary  and  it  is  sensible 
to  prograrme  this  for  the  most  general  case , even  though  it  is  currently  proposed 
that  V should  be  assumed  zero  for  practical  purposes.  The  functions  to  be 
substituted  in  (4)  (5)  (6)  and  (?)  are;- 


p(0)  = _ cos  0 - V sin  0 cos  0 - tan  % sin  0 
q(0)  = (1  - (i)  sin^  0 + |i  sin  0 - tan  A cos  0 


(^) 


PRACTICAL  APPLICATIONS 


CABLE  TYPE  SELECTION 


At  speeds  above  20  knots  it  is  usually  permissible  to  neglect  cable  weight 
and  use  a LIGHT  cable.  Below  12  knots  a HEAVY  cable  should  always  be  used. 
Between  12  and  20  knots,  the  value  of  A should  be  calculated  and  the  curves 
presented  in  Figs.  8 and  9 for  the  HEAVY  FINE  cable  can  then  be  used  as  a guide 
tothe  significance  of  cable  weight. 


The  LIGHT  GENERAL  cable  is  advocated  for  all  practical  calculations  when 
f can  be  neglected.  It  is  as  simple  to  use  as  the  LIGHT  FINE  and  LIGHT  BLUFF 
cases,  while  the  Improved  form  drag  theory  cannot  yet  be  recomiiended.  This 
suggestion  assumes  that  practical  cases  will  not  employ  cable  angles 
appreciably  below  Noting  that  at  30®.  <jq  = 1 + ji.  an  approximate  criterion 

for  this  is. 


sR  < 2 
T 1 + 


(^7) 


For  very  low  cable  angles,  no  recommendation  can  oe  backed  by  experience,  but  the 
special  case  of  IMPROVED  LIGHT  FINE  cable  with  ^ = 1/2,  v - 1/2,  appears  a 
reasonable  representation  of  well  faired  cables  at  very  high  speeds. 


Thus  the  most  useful  functions  for  LIGHT  CABLES  are  tq»  0^»  5b» 

plotted  in  Figs.  5 and  6.  For  certain  purposes  the  "parabolic  approxmation"  to 
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the  basic  catenary,  given  by  is  useful,  and  Fig.  6 will  show  the 

errors  incurred  by  its  use. 

When  4 cannot  be  neglected,  the  HEAVY  FINE  cable  is  the  only  simple 
case  available.  This  will  overestimate  the  tension  but  will  provide  a reasonable 
estimate  of  the  cable  config'aration  in  all  practical  cases.  Figs.  8 and  9 are 
analagous  to  Figs, ^5  and  6 for  this  case.  Tables  of  tiEAVY  FINE  cable  functions 
are  also  available  . 

All  the  cable  functions  for  these  simple  cases  are  readily  obtained  from 
trigononietrical  tables.  For  convenience  a table  of  In  cot  j is  aopended  as  Table 
I.  In  addition,  Pode's  tables  are  available^,  but  can  be  reconmended  only  for 
bare  cables, 

CABLE  PARAMETER  VALUES 

There  remains  the  question  of  selecting  appropriate  values  of  the  cable 
normal  drag  coefficient,  °R*  and  friction  ratio  ji,  is  based  on  cable  ! 

diameter,  thus,  i 

R = Or  ^ d , per  unit  length,  (^)  I 

I 

where  d is  the  cable  diameter,  V the  towing  speed  and  p the  mass  density  , 

of  the  water,  j 

For  bare  cable,  varies  with  strand  size  and  Reynolds  Number,  but  1 

experience  suggests  that  a value  of  1,2  is  a good  compromise  and  is  suggested 
when  specific  test  data  are  unavailable.  Similarly  a value  of  ,05  is 
recoirmended  for  bare  cable  operating  at  cable  angles  above  about  30°,  For  very 
low  cable  angles  a value  of  ,02  can  be  adopted  to  compensate  for  inaccuracies 
in  the  theory.  These  values  yield  results  in  close  agreement  with  Podes  tables 
for  his  f = ,02, 

The  drag  coefficients  of  typical  types  of  faired  cable  are  listed  in 
Table  II,  together  with  p,  values  obtained  from  analysis  of  sea  trials  results. 

Although  the  accuracy  of  such  analysis  is  open  to  question,  it  is  the  best 

technique  available  pending  further  loading  function  experiments  on  faired  cable,  ^ 


TABLE  II 


TYPICAL  CABLE  CKARACTEP.ISTICS 


NORMAL  DRAG 

FRICTION 

COEFFICIENT 

RATIO 

(Cr) 

(j.) 

BARE  CABLE  (STRANDED) 

1,20 

0,05 

TRAILING  FAIRING  - SHORT  TYPE 

0,45 

0,40 

TRAILING  FAIRING  - BEST  TYPE 

0,30 

0,50 

SECTIONAL  FAIRING 

0,20 

0.75 

ENCLOSED  FAIRING  - FLEXIBLE 

0,12 

0,80 

ENCLOSED  FAIRING  - STRUT  TYPE 

0,08 

0.80 
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OPTIMUM  TOWINQ 


A technique  for  determining  the  optimum  configuration)  that  which  provides 
maximum  depth  and  speed  for  a given  cable  tension,  has  been  described  at  the 
previous  seminar  . For  completeness.  Figs,  10  and  11  are  i*epeated  here  and  will 
be  found  useful  for  prellojinary  design. 

Both  are  plots  of  "depression  ratio"  against  a normalized  dejjth,  defining 
an  optimum  line  which  determines  the  depression  ratio  required  to  attain  maximum 
depth  under  given  conditions.  Depression  ratio  is  the  ratio  of  the  total  body 
downforce  (a)  to  the  design  surface  cable  tension  (Tj),  The  technique  assunes 
that  the  breaking  strength  of  the  cable,  T max,  is  proportional  to  its  cross 
section  area.  The  effective  ultimate  stress  is  defined  by, 

q = W/d^ 

and  a safety  factor,  f,  is  introduced,  such  that  the  design  tension  is 

T^,  = q d2/f. 

Fig.  10  is  appropriate  for  very  deep  towing  at  modest  speeds,  using  good 
cable  fairing.  In  this  case  it  is  assumed  that  body  drag  is  negligible  and  that 
cable  weight  (in  water)  is  proportional  to  its  cross-section  area.  The 
effective  density  is  defined  by, 

(D  = W/d2 

HEAVY  FINE  cable  is  used  in  Fig,  10  so  that  depths  predicted  for  a given  design 
tension  will  be  conservatively  underestimated.  The  normalizing  factor  for  body 
depth  is  (ajf/q)  and  curves  are  plotted  for  discrete  values  of  critical  angle  (*) 
and  surface  cable  angle  (0^^).  To  use  as  a speed  term,  the  critical  angle  can  be 
written,  2 

cot  « = (p%/2ojd)V 

Fig,  11  is  appropriate  for  high  speed  towing  at  moderate  depth,  using 
good  cable  fairing.  In  this  case  it  is  assumed  that  cable  weight  is  negligible, 
but  body  drag  (D)  is  taken  into  account,  in  terms  of  the  drag-downforce  ratio. 

D/a  = cot  0Q 

LIGHT  FINE  cable  is  used  in  Fig.  11  so  that  depths  predicted  for  a given  design 
tension  will  be  conservatively  underestiiriated.  The  normalizing  factor  for  body 
depth  is  (R/T^)  and  curves  are  plotted  for  discrete  values  of  body  drag-downforce 
ratio  (d/a)  and  surface  cable  angle  (0i)«  Noting  that, 

R/T^  = (pCfef/2qd)V^ 

the  abscissa  can  be  used  to  find  the  maxiirium  speed  for  a given  depth,  as  well  as 
the  reverse. 

A word  of  caution  on  the  practical  application  of  optimum  configurations 
is  in  order.  In  both  cases  considered,  it  will  be  seen  that  a sizeable  reduction 
in  A/T-1  and  in  0]^  can  be  made  frcm  the  optimum  without  too  great  a loss  of 
depth,  "Tleduced  A implies  smaller  wings  or  a lighter  body.  Reduced  0]^  means 
that  less  of  the  ship's  motion  in  rough  water  will  be  transferred  to  the  body. 
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Seme  relaxation  from  the  steady-state  optimum  configuration  may  frequently  oe 
good  design  practice,  to  ease  dynair.ic  problems  or  body  handling  considerations, 

CURRENT  ENGINEERING  POSSIBILITIES 

Nevertheless,  the  optimum  configuration  concept  provides  a valid  means  of 
assessing  current  possibilities.  To  illustrate  this  in  the  broadest  sense,  the 
number  of  variables  will  be  reduced  to  the  minimum  and  a conservative  approach 
adopted.  Thus  cable  weight  will  be  neglected  and  a ^ value  of  1.0  adopted. 
Body  drag  will  also  be  neglected  on  the  assumption  that  depressing  wings  w^ll 
be  used  at  high  speed  to  maintain  a reasonable  drag  ratio.  Calculations  show 
that  body  drag  effects  are  more  than  offset  by  the  conseinAative  value 
aborted , and  the  extreme  depth  indicated  in  Fig.  11  may  be  taken.  Then, 


(V2y). 


2 a d 

- 3fCj, 


An  analysis  of  cables  used  in  many  towed  systems^  suggests  that  a typical 
value  of  q is  1.2  x lO"^  Ibs/ft^,  while  coimi.on  practice  is  to  use  a safety  factor 
of  3.  The  best  faired  cables  now  operational  have  a normal  drag  coefficient  of 
about  0.2,  On  this  basis,  an  estimate  of  current  towing  possibilities  is  given 


(V^y), 


rj 

- 2 d X lO'^ 


which  is  plotted  in  Fig.  12  as  towing  speed  versus  body  deoth,  for  various  cable 
diameters . 

This  is  strictly  based  on  current  engineering.  Developments  now  in  hand 
offer  potential  for  halving  the  cable  drag  coefficient  and  increasing  cable 
strength  by  50^,  Improved  design  for  systan  dynamics  should  also  permit  safety 
factors  to  be  relaxed.  The  maximum  value  of  (V^)  could  therefore  be  multiplied 
'ey  a factor  of  3 to  5 over  the  next  few  years. 


ifim 


TABLE  I 


( Continued) 


0 

In  cot  2 

0 In  cot  2 

0 

In  cot  2 

0 

5 

In  cot 

21.0 

1.6856 

17.0 

1.9009 

13.0 

2,1721 

9.0 

2.5421 

20.9 

1.6905 

16.9 

1.9068 

12.9 

2.1800 

8.9 

2.5534 

20.8 

1.6954 

16.8 

1.9128 

12.8 

2.1878 

8.8 

2.5646 

20.7 

1.7003 

16.7 

1.9189 

12.7 

2.1957 

8.7 

2.5763 

20.6 

1.7052 

16.6 

1.9249 

12.6 

2,2036 

8.6 

2.5878 

20.5 

1.7102 

16.5 

1.9311 

12.5 

2.2118 

8.5 

2.5996 

20  A 

1.7152 

16.4 

1.9372 

12.4 

2,2198 

8.4 

2.6113 

20.3 

1.7203 

16.3 

1.9435 

12.3 

2.2280 

8.3 

2.6235 

20.2 

1.7253 

16.2 

1.9497 

12.2 

2.2361 

8.2 

2.6356 

20.1 

1.7303 

16.1 

1.9560 

12.1 

2.2445 

8.1 

2.6480 

20.0 

1.7354 

16.0 

1.9623 

12.0 

2.2528 

8.0 

2.6610 

19.9 

1.7406 

15.9 

1.9687 

11.9 

2.2613 

7.9 

2.6731 

19.8 

1.7457 

15.8 

1.9750 

11,8 

2.2697 

7.8 

2.6857 

19.7 

1.7509 

15.7 

1.9815 

11.7 

2.2784 

7.7 

2.6989 

19.6 

1.7560 

15.6 

1.9879 

11,6 

2.2870 

7.6 

2.7118 

19.5 

1.7612 

15.5 

1.9945 

11.5 

2.2958 

7.5 

2.7252 

19.^ 

1.7665 

15.4 

2.0010 

11.4 

2.3045 

7.4 

2.7385 

19.3 

1.7718 

15.3 

2.0076 

11.3 

2.3135 

7.3 

2.7523 

19.2 

1.7771 

15.2 

2.0142 

11.2 

2.3223 

7.2 

2.7660 

19.1 

1.7824 

15.1 

2.0209 

11.1 

2.3314 

7.1 

2.7802 

19.0 

1.7877 

15.0 

2.0276 

11.0 

2.3404 

7<0 

2.79^2 

18.9 

1.7931 

14.9 

2.0344 

10.9 

2.3497 

6.9 

2.8089 

18.8 

1.7985 

14.8 

2.0412 

10.8 

2.3587 

6.8 

2.8233 

18.7 

1.8041 

14.7 

2.0481 

10.7 

2.3684 

6.7 

2.8384 

18.6 

1.8094 

14.6 

2.0549 

10.6 

2.3777 

6.6 

2.8532 

18.5 

1.8149 

14.5 

2.0619 

10.5 

2.3878 

6.5 

2.8688 

18.4 

1.8204 

14.4 

2.0689 

10.4 

2.3977 

6.4 

2.8840 

18.3 

1.8259 

14.3 

2.0760 

10.3 

2.^4071 

6.3 

2.9000 

18.2 

1.8315 

14.2 

2.0830 

10.2 

2,4164 

6.2 

2.9158 

18.1 

1.8371 

14.1 

2.0902 

10.1 

2.4264 

6.1 

2.9324 

18.0 

1.8427 

14.0 

2.0973 

10.0 

2,4362 

6.0 

2.9487 

17.9 

1.8485 

13.9 

2.1045 

9.9 

2.4464 

5.9 

2.9658 

17.8 

1.8541 

13.8 

2.1119 

9.8 

2.4565 

5.8 

2,9826 

17.7 

1.8599 

13.7 

2.1193 

9.7 

2.4670 

5.7 

3.0004 

17.6 

1.8656 

13.6 

2.1266 

9.6 

2.4773 

5.6 

3.0178 

17.5 

1.8714 

13.5 

2.1341 

9.5 

2.4679 

5.5 

3.0362 

17.4 

1.8772 

13.4 

2.1415 

9.4 

2 .4984 

5.4 

3.0542 

17.3 

1.8831 

13.3 

2.1492 

9.3 

2.5093 

5.3 

3.0733 

17.2 

1.8889 

13.2 

2.1567 

9.2 

2.5200 

5.2 

3.0920 

17.1 

1.8949 

13.1 

2.1644 

9.1 

2.5312 

5.1 

3.1099 

5.0 

3.1313 

r I 

« 


NOMENCLATURE 


Drag  coefficient  of  cable,  when  cable  is  normal  to  the  stream,  based 
on  cable  diameter;  R/i  pdV^. 

Drag  of  towed  body. 

Diameter  of  cable. 

Normal  component  of  cable  drag  ner  unit  length. 

Normal  cable  loading  function;  F((ili)/R. 

Safety  factor  of  cable;  T max/Tj^. 

Tangential  component  of  cable  drag  per  unit  length. 

Tangential  cable  loading  function;  G((^)/R, 

Tangential  component  of  external  forces  per  unit  length. 
Non-diiuensional  P(0);  P(0)/R, 

Normal  component  of  external  forces  per  unit  length. 

Non-dimensional  Q(0);  Q(0)/R, 

Effective  ultimate  stress  of  cable; 

Drag  per  unit  length  of  cable,  when  cable  is  normal  to  the  stream. 
Length  of  cable,  measured  frcm  the  origin. 

Scope  of  cable;  - s^. 

Tension  in  cable. 

Breaking  strength  of  cable. 

Steady  velocity  of  towing  ship  or  stream. 

Weight  per  unit  length  of  cable,  in  water 

Coordinate  of  cable  configuration  in  direction  of  motion. 

Trail  of  towed  body;  x^  - Xq, 

Coordinate  of  cable  configuration  vertically  upwards. 

Depth  of  towed  body;  y^  - 
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A 

^1 

e 

M 

V 

I 

P 

(T 

T 

0 

0c 

* 

(» 


Total  down-force  of  towed  body 

Tension  in  imagined  extension  of  cable  at  the  origin 
Non-dijnensional  depth  function; 

Depression  angle  of  towed  body, 

Frtction  ratio  of  cable 
Form  ratio  of  cable 
Non-dimensional  trail  function; 

Mass  density  of  sea  water 
Non-dimensional  scope  function;  sR/Ai. 
Non-dimensional  tension  function;  T/a^, 

Angle  of  cable  to  the  horizontal. 

Critical  angle  of  cable 

Weight  angle  of  cable;  tan"’^(w/R) 

Effective  density  of  cable;  W/d^, 


SUBSCRIPTS 

0 At  the  towed  body  ) Applicable  to  s,  T,  x,  y,  “n,  (j,  0* 

1 At  the  water  surface  ) 

B LIGHT  BLUFF  CABLE 

F LIGHT  FINE  CABLE 

G LIGHT  GENERAL  CABLE 

HF  HEAVY  FINE  CABLE 

I IMPROVED  LIGHT  GENERAL  CABLE 

IF  IMPROVED  LIGHT  FINE  CABLE 

M MODIFIED  LIGHT  FINE  CABLE 

MG  MODIFIED  LIGHT  GENERAL  CABLE 
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Fig. 11  Depression  ratio  vs.  normalized  body  depth  - high  speeds 
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FAIRED  TOWLINE  LOADING  FUNCTIONS  FROM  BOUNDARY  LAYER  CONSIDERATIONS 


by  D.  E.  Calkins 

U.S.  Navy  Electronics  Laboratory 
San  Diego,  Cal ifornia  


1.0  ABSTRACT 


A method  for  determining  the  variation  in  the  Normal  and  Tangential  hydro- 
dynamic  forces  on  a faired  towline  is  presented.  The  loading  functions  are 
obtained  from  consideration  of  the  boundary  layer,  and  are  termed  BLLF  (boun- 
dary layer  loading  functions).  The  computations  are  based  on  the  most  up-to- 
date  methods  available  from  swept  wing  boundary  layer  theory.  Only  the  planar 
(side  force  = zero)  case  is  considered. 

The  computational  procedure  resulting  may  be  performed  using  only  a desk 
calculator,  although  a simple  digital  program  could  be  written. 

The  BLLF  are  determined  for  a faired  towline  with  an  NACA  63A022  section, 
a three  inch  chord,  and  operating  at  15  and  45  knots.  The  results  are  seen 
to  be  reasonable  when  compared  with  existing  theories  for  determining  the  load- 
ing functions.  The  BLLF  show  that  the  boundary  layer  transition  location  and 
Reynolds  Number  effects  do  not  result  in  a "universal"  loading  function  law. 

2.0  INTRODUCTION 


In  an  effort  to  improve  the  performance  of  cable  towed  systems,  faired 
towlines  of  several  different  designs  have  appeared  over  the  past  decade.  The 
capability  of  accurately  defining  the  effect  of  variations  in  the  local  towline 
angle,  <i>,  on  the  hydrodynamic  force  field  is  necessary  for  accurate  prediction 
of  the  tensions  and  configuration  of  the  faired  towline.  Several  authors  have 
advanced  theories  for  defining  the  relationship  between  the  Normal  and  langential 
forces  (loading  functions)  and  their  variation  with  towline  angle.  The  most 
widely  quoted  are  Clark(l),*  Eames(2),  and  Whicker(3).  None  of  the  theories 
have  approached  the  problem  from  pure  boundary  layer  considerations,  so  that 
the  correct  effect  of  Reynolds  Number  might  be  taken  into  account. 

It  was  therefore  decided  to  approach  the  problem  of  defining  the  loading 
functions  on  a 3-dimensional  faired  towline  by  examining  the  boundary  layer 
bearing  in  mind  the  necessity  of  keeping  the  computations  required  simple 
enough  to  perform  with  the  aid  of  a desk  calculator.  The  analysis  is  based  on 
the  most  up-to-date  swept  wing  theories  which  have  been  validated  by  experi- 
ment. 

The  following  assumptions  were  made  concerning  the  scope  of  the  analysis. 

1.  The  cable:' section  is  uncambered. 

2.  The  chord  and  thickness  ratio  are  constant  in  the  spanwise  direction 
(along  the  towline). 

3.  There  are  no  discontinuities  along  the  towline. 

4.  The  angle  of  yaw  is  zero;  i.e.  no  side  forces  are  considered. 

5.  The  boundary  layer  is  not  separated  in  either  the  laminar  or  turbu- 
lent region. 

*Numbers  in  parentheses  refer  to  similarly  numbered  references  at  the  end  of 
the  text. 
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3.0  PRESENT  LOADING  FUNCTION  THEORIES 


I 


For  purpose  of  comparison,  a capsule  discussion  of  the  three  existing 
faired  towline  loading  function  theories  is  included.  The  comparison  is  in- 
cluded not  to  criticize  these  theories,  nor  to  discount  their  use  in  practical 
applications,  but  rather  to  point  out  the  differences  between  them  and  the 
boundary  layer  loading  functions  (BLLF). 

3. 1 Clark  Analysis 

Clark  assumed  that  the  flow  over  the  deflected  towline  was  two-dimension- 
al in  the  streamwise  direction;  i.e.,  that  local  spanwise  flow  in  the  boundary _ 
layer  of  the  swept  but  unyawed  towline  would  have  a negligible  effect  on  the 
hydrodynamic  force.  As  a result  of  this  assumption,  the  local  hydrodynamic 
force  is  directed  in  the  streamwise  direction  and  can  be  resolved  into  the 
Normal  and  Tangential  components  F and  G.  It  was  assumed  that  the  magnitude 
of  the  local  hydrodynamic  force  varied  with  cable  angle  4),  and  could  be  ap- 
proximated by  the  drag  of  the  two-dimensional  foil  section  obtained  by  passing 
a plane  through  the  towline  in  the  streamwise  direction.  Except  for  a small 
difference  in  leading-edge  radius,  the  coordinates  in  percent  chord  for  the 
hypothetical  foil  in  the  streamwise  direction  are  those  of  the  basic  foil 
(())  = 90  deg)  multiplied  by  sin  4.  The  Reynolds  Number  based  on  chord  length 
of  this  hypothetical  airfoil  is  then  Reynolds  Number  for  4)  = 90  deg  divided 
by  sin  4>. 

Figure  1 summarizes  the  procedure  used  in  the  Clark  analysis,  and  pre- 
sents data  for  an  NACA  4-digit  series  section,  which  will  be  used  later  for  the 
comparison  with  the  proposed  BLLF.  The  4-digit  series  was  selected  for  analy- 
sis because  of  the  complete  data  matrix  available  for  this  section. 

3.2  Eames  Analysis 

The  Eames  "Light  General"  analysis  was  selected  as  most  representative  of 
the  type  of  faired  towline  that  is  being  considered.  The  term  "Light"  implies 
that  the  towline  weight  in  water  is  negligible,  and  is  therefore  neglected  in 
the  analysis.  Eames  separates  the  total  force  acting  on  the  towline,  when 
the  towline  angle  (4>)  is  90°,  into  two  components  F and  P,  where  F is  the 
frictional  force  and  P is  the  pressure  force. 

Eames  assumes  that  the  pressure  force  is  the  result  of  the  velocity  com- 
ponent normal  to  the  leading  edge.  Therefore,  the  pressure  drag  will  vary  as 
sin^4>,  and  will  always  act  normal  to  the  leading  edge.  The  frictional  com- 
ponent F is  assumed  to  be  invariant  with  towline  angle,  and  to  be  equal  to 
the  value  of  F at  4>  = 90°.  The  form  of  the  loading  functions  is  shown  in 
Figure  2. 

The  constant,  y is  introduced  as  the  ratio  of  the  friction  force  to  the 
total  force  at  4>  = 90°.  1-y  is  the  percent  of  total  drag  due  to  the  pressure 

force,  y may  be  evaluated  from  an  emperical  equation  derived  by  Hoerner(4) 
for  the  total  drag  coefficient: 

Cr  = [1  + 2(t/c)  + 60  (t/c)^] 

total  friction  pressure 


) 

{ 
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where:  Cj:  = Schoenherr  friction  coefficient 

t/c  = thickness/chord 

u =U2(t/c)  = F [1] 

'60(t/c)^  1^ 


Graphs  of  p (friction  ratio)  and  1-u  (pressure  ratio)  are  included  in  Figure 
2.  Data  derived  theoretically  by  Squire  and  Young (S)  are  included  for  various 
locations  of  the  boundary  layer  transition  location.  For  the  section  under 
consideration,  t/c  = 0.22,  p is  seen  to  lie  between  0.75and0.9. 

3.3  Whicker  Analysis 

Whicker  derives  the  Normal  and  Tangential  loading  functions  in  terms  of 
the  Normal  and  Tangential  components  of  the  free  stream  velocity,  U„  Figure  3. 
The  resultant  loading  functions  are  assumed  to  be  portional  to  the  square  of 
the  respective  velocities  and  neglects  any  spanwise  pressure  gradient.  Force 
coefficients  are  considered  to  be  composed  of  two  parts,  the  pressure  and 
friction  drag.  Whicker  assumes  that  the  components  of  tl»e  drag  coefficients 
due  to  the  pressure  forces,  a and  d,  are  independent  of  variation  in  Reynolds 
Number  along  the  towline,  and  that  the  components  of  the  drag  coefficients 
due  to  the  friction  forces,  i.e.,  b/sin$  and  e/costj.  are  functions  of  the  com 
ponents  of  velocity  parallel  to  the  leading  edge.  The  final  form  of  the 
loading  functions  are  shown  as  equations  6 and  7 in  Figure  3.  The  constants 
a,  b,  d and  e were  evaluated  from  test  data  on  a strut  with  t/c  = 0.25.  The 
values  are  presented  in  equation  8 where  a linear  ratio  was  assumed  for  the 
various  t/c  values.  The  coefficients  are  expressed  as  functions  of  t/c,  the 
section  thickness  to  chord  ratio. 

4.0  BOUNDARY  LAYER  DEFINITIONS 


The  following  definitions,  taken  from  Schl icting(6) , are  considered 
essential  for  an  understanding  of  the  analysis. 

4.1  6-Boundary  Layer  Thickness 

In  a real  fluid,  a thin  layer  of  the  flow  is  retarded  because  of  its  ad- 
hesion to  the  wall.  This  layer  is  called  the  boundary  layer  or  friction 
layer.  The  boundary  layer  thickness,  6,  is  usually  defined  as  that  distance 
from  the  surface  where  u = 0.99  LU 

4.2  6*-Displacement  Thickness 

The  displacement  thickness,  6*,  is  the  thickness  of  the  layer  by  which 
the  potential  flow;  i.e.  the  streamlines  are  displaced  because  of  the  reduc- 
tion of  velocity  within  the  boundary  layer.  The  deficiency  of  flow  in  the 
boundary  layer  as  a result  of  the  shear  stresses  is: 


liaasaia 
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consequently,  6*  as  shown  in  Figure  4,  is  defined  as 
_ r<5  fi  ' 


j I 


1 - u ] 

U "o  J dy 


4.3  9 - Momentum  Thickness 

The  momentum  thickness,  9,  is  based  on  the  reduction  of  momentum  due  to 
the  frictional  resistance  of  the  surface.  For  the  control  surface  given  in 
Figure  5,  the  resistance  of  a piece  of  the  plate  of  length  x and  width  b 
wetted  on  one  side  is  given  by  the  momentum  equation  to  be 


R f(x)  = bp  ^ u(Uo.-u)dy 


in  which  u(x,y)  denotes  the  velocity  distribution  in  the  boundary  layer  at 
the  point  x.  If  one  introduces  the  momentum  thickness  9 into  the  equation 
and  writes  in  the  form 


R ^(x)  = 

pb 

U®  9(x) 

then  the  momentum 

thickness 

is  defined  as 

» -I  0 

u 

n - u ^ 

|dy 

1 u®  ^ 

4.4  H - Shape  Factor 

The  shape  factor  is  defined  as  the  ratio  of  the  displacement  thickness 
to  the  momentum  thickness 


H = "/9 


5.0  2-DIMENSIONAL  CASE 


The  essential  physical  difference  between  the  flow  of  inviscid  (friction- 
less) fluids  and  viscous  fluids  is  exhibited  in  the  fact  that  in  the  former, 
two  contacting  layers  experience  only  normal  forces  (pressures)  while  in  the 
latter,  tangential  shearing  stresses  also  exist.  These  tangential  or  friction 
forces  cause  adhesion  of  the  fluid  to  a wall  wetted  by  it;  that  is,  both  the 
normal  and  tangential  velocity  components  are  uniformly  zero  at  a boundary. 
This  is  depicted  in  Figure  6,  in  which  the  upper  haTf  shows  the  slip  of  an  in- 
viscid fluid,  while  the  lower  half  shows  the  adhesion  of  a viscous  fluid  (no 
slip  condition). 

For  small  Reynolds  Numbers  the  flow  and  wake  proceeds  in  well  ordered 
parallel  layers.  This  flow  is  called  laminar.  For  increasing  Reynolds  Num- 
bers irregular  transverse  movements  are  formed  more  strongly  in  the  wake 
causing  an  intermixture  of  the  neighboring  layers.  This  flow  is  called 
turbulent. 
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In  general,  the  drag  of  a toil  is  dependent  not  only  on  the  pressure 
differences  (normal  stresses)  on  the  surface  of  the  body  but  also  on  the 
tangential  (shearing)  stresses  which  emanate  from  the  viscosity.  These  two 
parts  of  the  drag  may  be  computed  separately  by  integrating  the  pressure  and 
shear  stresses  over  the  surface  of  the  body.  If  p denotes  the  pressure  on  the 
surface  element  dA  of  the  body,  and  a is  the  angle  between  the  direction  of 
flow  and  the  normal  tottie  surface  element,  integration  of  the  pressure  yields 
the  form  drag  Dp. 

Dp  = (P  cos  a )dA  [5] 

J 

in  which  the  integration  is  carried  out  over  the  entire  surface.  Likewise, 
the  skin  friction  drag  is  obtained  through  integration  of  the  shearing  stress, 
at  the  wall 

Df  = ^ (tq  sin  a )dA  [6] 

The  total  drag  day  is  the  sum  of  the  form  drag  and  the  skin  friction  drag 

Total  p f [7] 

6.0  3-DIMEN$I0NAL  CASE 

6.1  Pressure  Stresses 

It  has  been  theorized  by  Jones(7)  that  the  pressure  forces  on  a swept 
wing  of  constant  chord  are  determined  solely  by  the  component  of  velocity 
normal  to  the  leading  edge.  This  has  been  verified  experimentally  by 
Lippisch  and  Beuschausen(8) , and  Dannenberg(9) . 

In  essence,  this  means  that  in  the  case  of  the  faired  towline,  the  Normal 
Force  is  composed  of  pressure  forces  (determined  solely  by  the  chordwise 
velocity  component)  and  frictional  forces,  while  the  Tangential  Force  is  the 
result  only  of  frictional  stresses  due  to  the  spanwise  velocity  component. 

6.2  Frictional  Stresses 

The  investigations  of  Jones(7),  and  Sears(lO)  have  shown  that  the  laminar 
boundary  layer  on  a yawed  infinite  wing  (faired  towline)  may  be  determined  in 
a simple  manner.  Outside  the  boundary  layer  in  the  inviscid  region,  see 
Figure  7,  the  flow  is  obtained  by  superposition  of  a two-dimensional  flow  per- 
pendicular to  the  wing  leading  edge  (chordwise  flow)  and  a (spanwise  flow) 
parallel  to  the  leading  edge  with  a velocity,  Vq,  which  is  invariant.  The 
chordwise  velocity  component,  U,  outside  the  boundary  layer  is  given  as  a 
function  of  x from  the  two  dimensional  case,  z is  the  coordinate  in  the  span- 
wise  direction;  i.e.  in  the  direction  of  the  cable  axis. 

The  boundary  layer  problem  becomes  soluble  after  recognizing  that  any 
quantity,  inside  as  well  as  outside  the  boundary  layer  is  independent  of  z. 

Let  us  consider  the  case  of  vanishing  chordwise  flow.  Then,  in  a purely 
spanwise  flow,  we  would  expect  a growth  of  the  boundary  layer  in  the  z direc- 
tion and  thus  no  independence  of  z.  Actually,  we  must  exclude  the  special 
case  of  vanishing  chordwise  flow;  if  the  chordwise  flow  exists,  it  will  re- 
move fluid  contained  in  the  spanwise  layer  so  that  a constant  thickness  in 
the  z direction  (and  also  an  independence  of  any  quantity  of  z)  becomes  possibl 
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The  spanwise  component  of  the  velocity  in  the  boundary  layer,  v,  then 
becomes  a function  of  x alone.  Once  this  is  recognized,  it  may  be  concluded 
that  the  chordwise  flow  may  be  calculated  as  if  no  spanwise  flow  were  present. 

Recently,  it  was  theorized  by  Young  and  Booth(ll)  and  supported  by  ex- 
perimental evidence  for  a flat  plate  that  the  "independence  principle"  for 
yawed  infinite  wings  is  also  valid  for  the  turbulent  boundary  layer.  Altman 
and  Hayter(12)  gave  further  experimental  evidence  in  support  of  this  theory 
for  the  case  of  a swept  wing  (at  zero  lift)  in  turbulent  flow.  Further  dis- 
cussion by  Rott  and  Crabtree(13)  give  credibility  to  the  "independence  prin- 
ciple." 

7.0  NORMAL  FORCE  CHORDWISE  FLOW  DETERMINATION 

As  indicated,  the  Normal  Force  may  be  determined  from  examination  of  the 
chordwise  velocity,  U , alone.  The  problem  reduces,  then,  to  one  of  deter- 
mining the  forces  of  a two-dimensional  foil  section.  From  section  5.0,  the 
Normal  Force,  F,  is  the  sum  of  the  integrals  of  the  pressure  and  shear  stres- 
ses over  the  contour  of  the  foil. 


The  computation  of  the  chordwise  force  begins  with  the  potential  solution 
for  inviscioflow  over  the  two-dimensional  section.  Several  methods  are  avail- 
able for  this  solution.  However,  one  which  is  particularly  attractive  is 
that  developed  by  Weber(14).  Its  usefulness  lies  in  the  fact  that  only  know- 
ledge of  the  section  coordinates  are  necessary,  and  the  computation  may  be 
readily  handled  with  a desk  calculator. 

The  method  involves  evaluation  of  the  section  y coordinate  at  N stations 
along  the  chord,  which  are  in  turn  operated  on  by  constants  available  from 
tables  for  N = 8,  16,  or  32.  Of  course,  the  computation  takes  longer  for 
larger  N,  however  the  results  are  more  accurate. 


where 


The  velocity  ratio  is  evaluated  as 

(1), 


U = 1 + S 

LLsinefi 


(X) 


N-1 


II 

s (*> 

yv 

N-1 

> £ 

(2) 

s 

u=l 

UV 

and  S are 

constants 

taken 

section  coordinate  evaluated  at 

[8] 


[9] 

[10] 


(1) 


found  in  reference  [14J. 
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With  knowleage  ot  the  velocity  ratio,  U/LIq,  it  ib  now  possible  to  evaluate 
the  shear  stresses  and  hence  the  total  skin  friction  drag.  It  is  pointed  out 
that  the  pressure,  or  form  orag,  is  zero  at  this  point  because  of  the  utiliza- 
tion of  the  potential  solution.  The  distortion  of  this  pressure  distribution 
from  tnat  occurring  in  the  actual  fluid  arises  from  the  formation  of  the  boun- 
dary layer  which  increases  in  thickness  from  the  leading  edge  to  the  trailing 
edge.  The  form  drag  may  be  evaluated  by  solving  for  the  displacement  thickness, 
6’',  adoing  this  thicKness  to  tne  section  coordinates,  and  recomputing  the  pres- 
sure distribution.  However,  tnis  would  be  tedious  and  a better  procedure  is 
oasea  on  tne  fact  that  the  skin  friction  and  form  drag  are  together  manifested 
finally  by  a loss  of  momentum  at  infinity  downstream. 


Consiaer  the  two  dimensional  flow  past  the 
The  flow  pressure  is  constant  in  the  fluid  field 
and  in  the  wake,  which  are  shown  shaded.  Starti 
L,  boundary  layers  are  present  on  the  upper  and 
Bounoary  layers  are  generally  laminar  for  some  d 
occurs  at  the  point  x*.  After  a transition  regi 
layers  are  formed  to  the  trailing  edge,  T.  The 
and  lower  surface  coalesce  to  form  a wake  which 


foil  section  shown  in  Figure  7. 
except  in  the  boundary  layer 
ng  from  the  stagnation  point, 
lower  surfaces  of  the  foil, 
istance  to  transition  which 
on,  fully  turbulent  boundary 
boundary. layers  of  the  upper 
extends  downstream  to  infinity. 


The  wake  has  a minimum  thickness  a short  distance  downstream  of  the  trail- 
ing edge  and  then  becomes  gradually  broader.  Static  pressure  in  the  wake  is 
greatest  at  the  trailing  edge  and  decreases  downstream.  The  static  pressure 
in  the  wake  eventually  becomes  equal  to  the  static  pressure  of  the  free  stream. 
For  a section  of  the  wake  sufficiently  downstream  for  this  to  be  true,  it  is 
easy  to  show  from  momentum  considerations  that  the  Normal  Force,  F,  per  unit 
length  is; 


F = C 


p /_cou(U(r‘^)dy 

R 1/2  pUo^c 


where  Uq  = Chordwise  frees tream  velocity  = Uoo  sine}) 

u = Velocity  in  the  wake  parallel  to  the  direction  of  motion 

c = Foil  Chord 

p = Fluid  Density 


The  momentum  thickness  of  the  wake  far  downstream,  e*,  is  defined  as: 


0OO  = (1-  E )<iy 

Uo  Uo 


so  that  ^ 

c 


The  momentum  thickness,  0«,  may  now  uc  evaluated  in  terms  of  the  momentum 
thickness  at  the  trailing  edge  of  the  foil, 


e = e 

” XX 


(Ht+5)/2 


Where  Ut  = velocity  outside  of  the  boundary  layer  at  the  trailing  edge 

Ht  = shape  parameter  at  trailing  edge 

If  a value  of  Ht  = 2.0  is  used,  according  to  Thwaites(15) , equation  [14] 
becomes ; 


Cr  = 2 


lei  VDj; 


Where  ®^x  momentum  thicknesses  on  the  upper  and  lower  sur- 

faces. 

The  momentum  thickness,  is  dependent  on  the  extent  of  both  the  lami- 
nar and  turbulent  boundary  layers,  and  may  evaluate  according  to  Thwaites  as 


Cr  = 2.0  ^ 422 


U\5  d/X'i'^3/5  0.02429  r i /ii “"h 

Uol  [cil^  TTT  jju,, 


where  R = Chord  Reynolds  Number  = U^c/v 


Xt  = Chordwise  position  of  boundary  layer  transition 


8.0  TANGENTIAL  FORCE  (SPANWISE  FLOW)  DETERMINATION 

Since,  as  assumed,  the  foil  section  is  constant  along  the  towline  length, 
the  Tangential  force,  G,  has  no  form  or  pressure  drag  component  and  is  strictly 
the  result  of  the  frictional  stress,  ly^.  Therefore  the  Tangential  force,  G, 
per  unit  length  is: 

G = (xy2)ax  [18] 

0 


where  = p (ae^^/sXidx 


®zx  ■ Cross  momentum  thickness 

Vq  = Spanwise  velocity  component  = cos  (j> 


So  that  G = pV. 


( aazx  V 

0\  3x  i 


G = pV 


2f  -IT.E. 
u [®zxJl.E. 
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0ZX  is  assumed  to  vary  from  zero  at  the  leading  edge,  L.E.,  to 
trailing  edge,  T.E. 


u l-u^ldy 
0 V V 


e,.  = M / 1-v  dy 


Vjo  Ul  V 


or  0ZX  may  be  expressed  in  terms  of  the  total  momentum  thickness, 
trailing  edge. 

®zx  = Ut  K 0VV  [22] 


u ri-v] 
U I V. 


Under  the  assumption  of  a turbulent  boundary  layer  at  the  trailing  edge,  K may 
be  determined  if  the  following  assumptions  are  made. 

(1)  The  distribution  of  v/Vq  is  the  same  for  any  X where  the  boundary 
layer  is  turbulent,  and  is  independent  of  the  chordwise  pressure  gradient. 

(2)  v/Vq  = 1/7  as  for  a flat  plate  in  turbulent  flow. 

now  since  u = |^ y.j  (Hfl )/^  ' ^ t!24] 


1 ^..,n 


K = 6 1 


0 n-+ 

XX 


since  6 


n+l)(2n+l 


0 

n 

XX 

then  K = f 1/7] 

2n+l  1 

1 n H 

l+n+1/7  J 

K = 


4Ht 

7Ht^+2Hf9 


[25] 


Following  the  assumption  of  = 2.0  at  the  trailing  edge,  K = 0.348.  K is 
shown  as  a function  of  in  Figure  8. 

Now  the  Tangential  force  may  be  expressed  as 

^ " ®xx 
•o 

or  G = pVo  Ut  K [26] 

However,  from  equations  [12]  and  [16] 

, , (Ht+5)/2 

Where  F(i)i)  is  the  Normal  force  at  ip,  so  that  G may  be  expressed  in  final  form  as 

(Ht+5)/2 


G = pVo  Ut  K pm  f Uq.1 

W lutj 

or  G = K F((fi) 


U^coS(|) " 

I Csi 


in  J 


Ua 

[Ut 


(Ht+5)/2 


G = F(4>) 


4Ht  1 

cot  (J> 

7 Ht^+2H^-9  J 

(ut) 

[28] 


Therefore  substituting  the  value  of  Ht  = 2.0  as  used  in  the  Normal  force  deri- 
vation we  obtain: 


G = 0.348  F((p)  cot  (p 


Hq. 

Ut 


2-5 


[29] 


9.0  EXAMPLE 


For  illustration  of  the  procedure,  the  NACA  63A022  section  was  selected, 
since  the  loading  functions  for  this  section  are  presently  being  evaluated  in 
a series  of  model  tests.  Full-scale  evaluation  test  data  are  also  available 
from  recent  trials.  These  data  will  be  used  in  a future  evaluation  of  the 
present  theory. 

Two  Reynolds  Numbers  were  selected  as  being  representative  of  a working 
range  of  speeds.  Reynolds  Numbers  of  0.5  and  1.5  x 10®  are  equivalent  to  a 
towline  with  a three  inch  chord  operating  at  15  and  45  knots. 
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10.0  BOUNDARY  LAYER  TRANSITION  LOCATION 

The  deterai nation  of  the  location  of  the  boundary  layer  transition  is  at 
best  a difficult  problem  even  in  the  two-dimensional  case.  It  generally  is 
true  that: 

(1)  Transition  occurs  near  the  minimum  pressure  point. 

(2)  Transition  moves  toward  the  trailing  edge  with  decreasing  Reynolds 
Number. 

However,  it  has  been  observed  by  Gregory,  Stuart,  and  Walker(16)  that  in  the 
three-dimensional  case,  transition  moves  forward  with  increasing  sweep.  This 
trend  would  therefore  seem  to  contradict  the  previous  statement  (2).  In  addi- 
tion, the  ambient  stream  turbulence  level  will  affect  transition  causing  it  to 
occur  nearer  to  the  leading  edge  as  the  level  increases  in  intensity. 

Since  time  did  not  allow  for  a more  thorough  analysis  of  the  transition 
location,  it  was  decided  to  use  experimental  data  from  Silverstein  and  Becker(17) 
that  were  obtained  on  a series  of  NACA  4-digit  air  foil  sections.  The  transition 
location.  Figure  9 was  extrapolated  to  the  t/c  value  of  0.22  which  was  used  for 
the  example  analysis. 

11.0  ANALYSIS  PROCEDURE 

11.1  Evaluate  yp  at  each  xv,  table  I,  for  the  section  shape  under  consideration. 

11.2  For  v=  1,  2,  ...7,  list  S^^^^  ^ i'rom  table  II  and  find  sn)(x^)  from 
equation  [2]. 

11.3  For  v=  1,  2,  ...7,  list  Syv^^^  from  table  III  and  find  from 

equation  [3].  Table  IV  presents  steps  11.2  and  11.3  for  v = 4,  = 0.5. 

11.4  Find  (U/Uq)^  for  v = 1,2,  ...7  from  equation  [8]. 

4 5 

11.5  Plot  (U/Uq)  and  (U/Uq)  versus  x/c.  Figure  10.  The  solid  lines  repre- 
sent the  exKct  potentiat  solution  from  Abbott  and  Von  Doenhorfhs),  with 
the  Weber  solution  for  N = 8 shown  for  comparison.  The  results  agree 
well  with  the  exact  solution,  although  more  points  (N  = 16  or  32)  would 
be  necessary  for  an  accurate  description. 

11.6  Locate  the  boundary  layer  transition  as  function  of  Reynolds  Number,  Fig.  11 

11.7  With  R = Roc  sin<)),  plot  Xt/c  versus  <p  from  11.6,  Figure  12. 

11.8  Choose  range  of  increments  of  ip  for  force  computations,  Table  V. 

For  the  present  analysis,  computations  were  carried  out  down  to  (j>  = 30°, 
in  15°  increments. 

11.9  Perform  integrations  on  jj  4 and  ^ ^ using  the  result  from  11.7 

Uo  Uo 

for  the  limits  of  the  laminar  and  turbulent  areas.  Table  V contains  data 
for  the  R = 1.5  X 10^  case.  Graphical  integration  was  performed  in  this 
analysis  using  a planimeter. 
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11.10 


Find  C(^  using  equation  [17]  and  the  data  from  step  11.9,  Table  V. 

Note  that  Cr  is  based  on  the  chord  area. 

11.11  Find  F (Normal  force  per  unit  length)  using  equation  [12],  see  Table  V. 

11.12  Find  G (Tangential  force  per  unit  length)  using  equation  [29],  see  Table  V. 

11.13  Non-dimensional ize  F and  G by  dividing  by  (<i=9Q°,  see  Table  V. 

12.0  RESULTS 


The  normal  drag  coefficient,  Cr,  is  shown  as  a function  of  Reynolds  Number 
in  Figure  13.  Note  that  Cp  has  been  based  on  the  frontal  area.  The  results  show 
the  anticipated  decrease  with  Reynolds  Number. 


In  order  to  show  the  full  range  of  dependence  on  transition  location,  compu- 
tations were  carried  out  for  both  of  the  examples  (R  = 0.5  and  1.5  X 10°)  assum- 
ing three  transition  locations: 


(1)  Xt/c 


1.0  (Full  laminar) 


(2)  ^t/c  ~ (laminar/turbulent) 

(3)  = 0 (Full  turbulent) 

The  Normal  (F)  and  Tangential  (G)  forces  as  functions  of  (t>  are  shown  in  Figures  14 
(R  = 0.5  X 10°),  and  15  (R  = 1.5  X 10^).  It  must  be  pointed  out  that  for  applica- 
tion of  the  BLLF  method,  the  computations  need  go  no  farther  than  finding  F and  G 
as  a function  of  The  use  of  F and  G would  then  require  numerical  integration 
techniques  for  the  solution  of  the  towline  configuration  and  tension  equations. 

The  non-dimensional  loading  functions,  F/R  and  G/R  are  shown  in  Figures  16 
through  19. 

Case  I (R  = 0.5  X 10^)  shows  some  rather  interesting  results.  Both  F/R  and 
G/R  show  that  the  boundary  layer  transition  location  will  affect  the  shape  of  the 
curves.  This  in  essence  means  that  there  can  be  no  "universal"  loading  function 
law.  For  comparison,  the  sinij),  sin2,j),  Clark,  Fames,  and  Whicker  loading  functions 
are  included. for  the  normal  loading  function  comparison. 


F/R,  Figure  16,  is  seen  to  follow  approximately  the  shape  of  the  sin^ij)  curve, 
although  displaced  to  the  left.  Data  from  Clark's  method  are  seen  to  fall  across 
the  range  of  the  BLLF,  while  the  sin<))i  Whicker  and  Fames  curves  fall  to  the  left  of 
the  BLLF.  The  same  trends  are  seen  for  F/R  (R  = 1.5  X 10^)  Figure  17.  However, 
the  laminar/turbulent  and  full  turbulent  BLLF  are  seen  to  collapse  to  one  curve. 


G/R,  Figure  10  shows  a much  wider  spread  between  the  compared  curves.  The 
Clark  data  is  seen  to  follow  Fames,  the  upper  bound,  down  to  <ti  = 60°,  and  then 
drop  off,  while  Whicker  represents  the  lower  bound.  The  BLLF  fall  approximately 
midway  between  the  bounds.  Again,  the  same  trends  are  noted  for  the  R = 1.5  X 10^ 
case.  Figure  19,  with  the  laminar/turbulent  and  full  turbulent  curves  collapsing. 
The  effect  of  Reynolds  Number  is  seen  to  be  small,  with  the  exception  of  the 
laminar/turbulent  case. 
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13.0  CONCLUSIONS 

Within  tne  limits  of  the  assumptions,  the  BLLF  method  is  seen  to  represent 
a reasonable  approach  to  the  determination  of  the  loading  functions.  However, 
several  areas  of  work  must  be  completed  beofre  its  value  may  be  truely  assessed, 
namely; 


13.1 

13.2 

13.3 

13.4 


Compare  the  velocity  distribution  computation  method  with  experimental 
resul ts. 

Compare  the  loading  functions  measured  on  models  with  the  BLLF. 

Compare  the  data  from  the  full-scale  sea  trials  with  results  computed  using 
the  BLLF. 

Investigate  the  effects  of  ambient  stream  turbulence  and  sweep  on  the 
transition  location. 


14.0  APPENDIX 


N = 8 

Xv 

1 

Yp 

l.OOOd.E.) 

0 

0-9619 

0.0085 

0.8536 

0.0325 

0.6913 

0.0675 

0.5000 

0.1005 

0.3087 

0.108 

0.1464 

0.0845 

0.03806 

0.047 

0 (L.E.) 

0 

TABLE  II 

(1) 

£yv  for  N = 8 


lABLt  III 

(2: 


6.309 

■17.048 

8.922 

-5.657 

3.696 

-2.266 

1.082 


4.993 

1.414 

-8.055 

4.000 

-2.398 

1.414 

-0.664 


-1.531 

4.718 

0.448 

-5.657 

2.613 

-1.405 

0.634 


0.828 

-2.000 

4.828 

0 

-4.828 

2.000 

-0.828 


-0.634 

1.405 

-2.613 

5.657 

-0.448 

-4.718 

1.531 


0.664 

-1.414 

2.398 

-4.000 

8.055 

-1.414 

-4.993 
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TABLE  IV 


3.154 

0 

0.224 

0 


0 

-0.0019 

0 

-0.2126 

0.804 

-0.3402 

0 

-0.0105 
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1.  F = 


pU 


Cn  2 


2.  G = 


pV^ 


pU«^  cos2  </,  C 


^T  2 ^ = 2 


3.  Cm  = C, 


4.  Ct  = C, 


h^i^] 


5.  Ct 


pujc 


= [ a $in2  <^  + b cos  0]  = NORMAL  LOADING  FUNCTION 


7 ^ 

R 


= . [ d co$2  d>  + e cos  6]  = TANGENTIAL  LOADING  FUNCTION 


t/c  ; d = -[0.055  - 0.020  t/c] 
1 - t/c  ; e = [0.386  - 0.303  t/c] 


Figure  3.  Whick«r  onolytit. 
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Figure  13.  Computed  normal  drog  coefficients. 
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Cf  - Frictional  Drag  Coefficient 
F'  - Frictional  Force 
F - Normal  Force/ Unit  Length 
G - Tangential  Force/Unit  Length 
H - Shape  Factor  (6*/0) 

K - Mixed  Momentum  Thickness  Correction  Factor 
P - Pressure  Force 
Q - Dynamic  Pressure  (1/2  pU^) 

R - Normal  Force/Unit  Length  {0  = 90°) 

RN  - Reynold's  Number  = (U_^c/v) 

S - Reference  Area  Based  on  Either  Chord(c),  or  Thickness  (t) 
Where  Length  (b)  is  taken  to  be  One  Foot 

S'  ’ ' (X)  - Weber  Constants  For  Chordwise  Pressure  Determination 

t - Towline  Thickness  Length 

t/c-  Towline  Thickness/Chord  Ratio 

u - Velocity  in  Boundary  Layer  Along  X-Axis 

U - Free  Stream  Velocity 

Uq  - Chordwise  Velocity  sin 

V - Velocity  in  Boundary  Layer  Along  Z-Axis 
Vq  - Spanwise  Velocity  (Uoo  cos  41) 

X - Distance  Along  Towline  Chord 
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6 - Boundary  Layer  Thickness 

6*  - Boundary  Layer  Displacement  Thickness 

6 Boundary  Layer  Momentum  Thickness 

\i  - Friction  Ratio  (Fames  Analysis) 

V - Fluid  Kinematic  Viscosity 
p - Fluid  Density 
T - Shearing  Stress 

- Local  Towline  Angle  Measured  From  Horizontal 
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INVESTIGATION  OF  HYDRODYNAMIC  LOADING  FUNCTIONS 
ON  FAIRED  TOWLINES 


Dr.  Lowell  Collier 
Arthur  Brisbane 
By;  Leonard  Davis 

Hydrospace  Research  Corporation 
Rockville,  Maryland 


ABSTRACT 


Hydrospace  Research  Corporation  conducted  instrumented  towing  tests  on 
two  three-dimensional  towlines,  one  with  a fully  enclosed  sectional  fairing 
and  the  other  with  a trailing  clip-type  fairing.  Normal  and  tangential 
loading  functions  were  derived  as  functions  of  cable  angle.  The  normal 
loading  functions  were  extrapolated  tocp  =90°  to  determine  Cj^  for  each 
fairing.  These  values  of  Cr  were  plotted  as  functions  of  Reynold’s 
number  and  compared  with  measured  two-dimensional  data.  The  normal 
loading  functions  were  non-dime nsionalized  by  R and  the  ratios  of  F/R 
were  analyzed  as  functions  of  cable  angle.  This  analysis  showed  further 
Reynold's  number  dependencies. 


INTRODUCTION 


The  faired  towcable  appears  to  be  the  key  hydromechanical  component 
of  Variable  Depth  Sonar  (VDS)  Systems.  It  is  this  component  that 
serves  to  transmit  propulsive  forces  and  surface  generated  disturbances 
to  the  housing,  transmits  electrical  power  to  the  transducer  and  the 
electrical  analog  of  the  acoustic  information  back  to  the  surface,  resists 
attainment  of  depth,  establishes  maximum  system  forces,  and  complicates 
handling  and  storage.  A clear  understanding  of  the  hydromechanics  of 
towcables  is  thus  a prerequisite  to  the  satisfactory  resolution  of  the  many 
problems  involved  in  sonar-system  design. 


One  of  the  more  important  and  timely  aspects  of  this  topic  is  the  true 
nature  of  the  hydrodynamic  loads  imposed  on  the  towline  by  the  flow. 

The  magnitude  and  direction  of  this  force  determines  the  local  rate  of  change 
of  its  inclination  and  tensile  load.  The  hydrodynamic  load  is  in  turn  affected 
by  the  shape,  size,  and  inclination  of  the  cable.  A description  of  the  variation 
of  the  hydrodynamic  loads  acting  on  a lei^h  of  towline  is  called  a "cable 
loading  function,”  or  simply,  "loading  function."  It  is  evident  that  the 
prediction  of  towline  characteristics,  i.  e. , the  forces,  the  depth,  and 
horizontal  distance  spanned,  and  the  inclination,  depends  on  the  accuracy 
with  which  the  force  variation  is  described  by  the  loading  function. 

Loading  functions  in  current  use  are  based  on  a combination  of  theoretical 
conjecture  and  limited  experimental  data.  They  are  essentially  two-dimensior 
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in  nature;  a postulate  fundamental  to  their  derivation  being  that  the  flow  about 
any  section  is  identical  with  that  existing  on  a rigid  cylinder  having  the 
same  shape  and  cross  section.  The  results  obtained  on  application  of  the 
various  forms  do  not  agree,  and  discrepancies  between  predicted  and 
measured  performance  have  been  observed  in  the  field. 

This  paper  summarizes  the  results  of  test  on  three  types  of  faired  towlines. 
The  three  types  are  as  follows; 

1.  Continuous,  fully  enclosed; 

2.  Trailing  type,  and 

3.  Fully  enclosed  sectional. 

The  characteristics  of  the  three  fairings  are  listed  in  Figure  1. 


BASIC  CONSIDERATIONS  AND  TEST  THEORY 

We  restrict  our  considerations  to  steady -state  (no  time  dependence), 
plane  configurations.  The  plane  is  that  one  defined  by  the  direction  of 
gravity  and  the  direction  of  translation  of  the  towing  vessel.  The  towed 
system  is  thus  considered  to  translate  rectilinearly  in  the  direction  nor- 
mal to  gravity.  Configurations  not  lying  wholly  within  this  plane  are  of 
practical  inter^t,.  Such  configurations  are  said  to  "kite.  " "Kiting,  " 
however,  is  an  undesirable  phenomenon  and  the  interest  in  this  area 
is  only  to  understand  its  effect  on  the  system  geometry  in  order  to  correct 
the  situation  rather  than  to  predict  the  degree. 

The  scope  of  this  problem  is  thus  reduced  to  consideration  of  an  idealized 
towing  configuration  in  equilibrium.  Computation  of  the  equilibrium  con- 
figuration of  a cable-towed  system  in  terms  of  its  geometry  and  towline 
tension  involves  consideration  of  both  the  towline  and  the  towed  body.  The 
individual  forces  acting  on  these  components  must  be  determined  and  the 
way  in  which  they  combine  to  produce  the  configuration  must  be  defined. 
Gravitational,  displacement,  and  hydrodynamic  forces  are  involved. 

In  treating  the  problem  of  computing  the  configuration,  the  body  and  tow- 
line  are  separable. * 

Consider  the  requirement  for  specification  of  the  boundary  condition  in 
the  solution  of  the  problem.  The  boundary  condition  represents 

the  force  developed  by  the  body  and  establishes  the  reference  point  from 
which  the  integration  of  the  towline  equations  may  commence. 

Examining  the  towline,  the  equations  describing  the  equilibrium  of  an 
incremental  segment  may  be  written: 


♦With  the  exception,  perhaps,  of  that  small  region  of  towline  immediately 
adjacent  to  the  body. 
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and 


where  the  F and  G represent  the  hydrodynamic  force  components  per  unit 
length  resolved  in  the  directions  normal  and  tangential  to  the  element,  T 
is  the  tension  in  the  line,  nnd  W is  the  unit  weight  of  towline  in  water.  These 
equations  express  the  static  force  balance  on  the  assumption  of  a plane 
configuration  containing  the  gravitational  vector  and  negligible  bending 
moments  in  the  fairing  and  cable.  As  such,  they  are  independent  of  any 
assumption  regarding  the  nature  of  F and  G. 


The  solution  to  the  problem  now  depends  on  specification  of  the  hydrodynamic 
loading  functions,  F and  G.  From  what  is  known  of  the  nature  of  hydrody- 
namic forces  a list  of  probably  influencing  parameters  can  be  formed: 

1.  Velocity  of  tow, 

2.  Fairing  type,  thickness,  chord  length,  surface  roughness, 

3.  Fluid  density  and  viscosity,  and 

4.  Angle  of  inclination  to  the  flow. 

These  represent  a minimum  listing  of  the  important  parameters.  The 
influence  of  other  factors  is  suspected,  e.  g. , the  effect  of  the  flow  over 
neighboring  elements  on  the  hydrodynamic  force  on  a particular  element. 

We  observe  that  if  F and  G are  functions  only  of  the  angle  and  speed, 
we  may  write. 


F = F (n/2)  F’  (cp) 

and 

G = G(0)  G’(^), 

where  F’  (cp)  and  G'  (cp)  are  functions  of  the  angle  only.  Now  F (tt/2)  is  the 
resistance  per  unit  length  of  the  towcable  when  normal  to  the  stream.  It  is, 
then,  just  the  drag  per  unit  length.  This  value  is  typically  designated  by  the 
symbol  ”R.  " The  similarity  principle  mentioned  earlier  permits  the 
measure  of  R to  be  taken  from  a strut  of  similar  cross-sectional  shape. 
Similarly,  G (0)  is  the  tangential  force  per  unit  length  when  the  cable  is 
parallel  to  the  stream. 

In  general,  the  values  of  R and  G (0)  depend  on  the  velocity  of  tow  and  the 
shape  and  size  of  the  fairing.  We  may  define  force  coefficients,  Cr  and 
Cq,  as  follows:  ^ 

Cr  = R/(l/2  c d)  and  = G (0)/  (1/2  P d). 
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Where  p is  the  mass  density  of  the  fluid  (e.  g. , sea  water)  and  d is  a typical 
measure  of  length  taken  on  the  right-section  of  the  fairing.  The  breadth,  or 
frontal  width,  is  usually  selected  for  this  measure. 

Cj^  and  Cq  are  not  necessarily  constant.  Values  of  Cj^  measured  at  identical 
values  of  the  ratio  Vd/v  (Reynold's  number),  where  v is  the  kinematic 
viscosity,  are  constant,  however,  whereas  values  of  Cq  measured  at 
identical  values  of  that  parameter  are  not  necessarily  constant. 

An  essential  difficulty  with  application  of  the  concept  of  G(0)  is  immediately 
evident.  Its  value  depends  on  the  length  of  cable  parallel  to  the  flow.  Since 
this  cannot  be  established  a priori  for  any  given  configuration,  the  value 
of  the  measure  of  G (0)  is  doubtful. 

If,  then,  values  of  tension  and  angle  can  be  measured  as  a function  of 
distance  along  a faired  towline  of  known  weight  and  at  a known  speed,  all 
values  necessary  for  the  solution  of  F and  G are  available. 

On  the  basis  of  the  foregoing,  it  was  decided  that  the  most  direct  approach 
to  resolution  of  the  loading  function  problem  was  to  obtain  measures  of  the 
hydromechanical  loads  directly  from  a real  configuration.  As  with  all 
experimental  work,  certain  practical  considerations  impose  limitations 
on  the  experimental  technique. 

The  ideal  experiment  would  consist  of  obtaining  simultaneous  measures  of 
the  tension  and  angle  at  closely  spaced  intervals  along  a long  cable  towed 
at  constant  speed.  This  procedure  would  require  depths  obtainable  only 
at  sea  and  a very  expensive  specially  designed  and  constructed,  instrumented, 
test  fairing. 

An  alternate  approach  consists  of  obtaining  the  desired  measures  at  the 
surface  and  changing  the  scope  for  each  run.  This  procedure  is  as  valid 
as  the  one  outlined  above,  provided  that  no  element  of  the  fairing  is  affected 
by  the  presence  of  the  elements  situated  farther  up  the  towline.  But  the 
latter  is  an  effect  we  seek  to  discern. 

Of  even  greater  importance,  it  is  absolutely  necessary  that  the  test  fairing 
be  steady  and  stable  under  tow  and  give  repeatable  results. 

A determination  of  the  required  test  conditions  necessary  for  conducting  a 
meaningful  test  program  was  made.  Steady-state  towing,  or  as  close  to 
steady-state  conditions  as  possible,  was  needed.  The  size  and  the 
incremental  length  of  the  cable  and  fairing  used  had  to  be  large  enough  to 
produce  measurable  forces,  yet  small  enough  to  produce  closely  spaced  data 
and  to  facilitate  practical  handling  techniques  and  equipment.  Forces,  on 
the  other  hand,  had  to  be  small  enough  to  permit  obtainment  of  a good  rar^e 
of  cable  angles  and  towing  speeds.  Based  on  these  considerations,  it  was 
decided  that  the  Hydrospace  Research  Corporation  test  facility  in 
Martinsburg,  West  Virginia,  would  give  close  to  steady- state  conditions, 
and  would  be  suitable  to  conduct  such  a program.  It  was  also  decided  that 
0.  3 inch  and  0.  5 inch  diameter  cables  and  fairing,  tested  in  10 -foot 
increments,  would  provide  suitable  test  models. 
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In  order  to  tow  such  a faired  cable,  a multi-purpose  depressor  was  needed. 
This  depressor  had  to  meet  the  following  requirements:  be  stable  under  steady 
tow;  produce  downward  forces  large  enough  to  control  the  behavior  of  the 
towline;  produce  constant  and'p,  at  constant  speed;  and  be  large  enough  to 
house  required  bottom  end  instrumentation. 

The  instrumentation  for  the  test  program  included  that  required  to  measure 
tension  and  towline  angle  at  the  surface  and  tension  and  angle  at  the  body, 
body  depth  and  attitude,  and  towing  speed. 

The  body  used  in  the  investigation  was  a hull  of  revolution,  designed  by  Hydro - 
space  Re  search  Corporation.  It  had  a fineness  ratio  of  5 and  used  both  a 
shroud  ring  tail  and  boundary  layer  wedges  to  provide  high  stability  in  pitch 
and  yaw.  Roll  stability  was  provided  by  a low  center  of  gravity,  with  the 
towpoint  attached  1.  5 feet  from  the  nose,  and  two  inches  above  the  body 
centerline. 

The  body  housing  contained  two  watertight  containers,  one  of  which  housed 
pitch  and  roll  pendulum  pots,  a pressure  transducer  to  measure  depth, 
and  the  associated  electronics  for  the  bridge  type  transducer.  The  second 
can  contained  the  26  volt  battery  pack  which  supplied  the  power  to  the 
electronics  in  the  body.  Additional  body  instrumentation  included  a pendulum 
pot  attached  to  the  towstaff  to  measure  towstaff  angle,  and  a strain  gaged 
flexure  to  measure  tension  at  the  body.  Figure  3 shows  the  arrangement 
of  these  various  items. 


TEST  PROCEDURES 


With  the  body  trimmed  and  ballasted  to  its  test  weight  it  was  towed  over  the 
full  range  of  speed  for  each  scope  to  assure  no  kiting  of  the  system.  This 
was  done  for  each  towline. 

The  system  at  this  point  was  considered  ready  for  data  acquisition.  At 
dockside,  before  each  test,  the  body  and  the  length  of  test  scope  were 
lowered  into  the  water  and  the  cable  angle  potentiometer  was  clamped  to 
the  fairing  at  the  proper  location  between  the  towline  storage  drum  and 
the  water  surface. 

With  the  towline  hanging  vertically  in  the  water  and  the  towboat  tied  to  the 
dock,  the  instrument  operator,  to  assure  that  the  instruments  were 
functioning  correctly,  checked  and  recorded: 

1.  battery  voltage 

2.  reference  voltage 

3.  calibration  voltage 

4.  roll,  pitch,  and  towstaff  angles 

5.  body  tension 

6.  top  tension 

7.  depth 

8.  cable  angle 


The  readings  recorded  for  roll,  pitch,  and  towstaff  angle  were  then  checked 
against  known  readings  for  each  of  these  potentiometers.  The  body  tension 
reading  was  checked  against  the  known  weight  of  the  body  in  water.  The  top 
tension  was  checked  against  the  known  body  weight  in  water  plus  the  weight 
of  the  cable  angle  potentiometer  and  its  clamp,  plus  the  known  weight  of  the 
length  of  test  scope.  The  depth  reading  was  checked  against  the  length  of 
scope  payed  out  for  the  test. 

During  a run,  the  instrument  operator  used  a nulling  voltage  to  bring  the  pens 
into  the  range  of  the  recorder  as  quickly  as  possible.  At  the  end  of  each  run, 
each  channel  on  the  recorder  was  monitored  and  a plus  or  minus  value  was 
assigned  to  the  difference  between  the  actual  pen  trace  and  the  preselected 
null  position  of  each  channel.  This  value  was  then  added  or  subtracted  from 
the  null  reading  for  each  channel  and  recorded  along  with  the  knotmeter 
reading. 

An  immediate  conversion  of  this  data  was  made  before  the  next  run  to 
insure  the  consistency  of  the  data  taken.  At  the  end  of  each  run,  the 
instrument  operator  checked  all  the  electrical  calibrations.  This  procedure 
was  repeated  for  every  run  until  the  entire  speed  range  for  the  particular 
scope  was  completed.  The  above  procedure  was  used  on  all  speeds  and 
scopes  tested. 


PRESENTATION  OF  DATA 

Figures  4,  5,  6,  and  7 show  the  data  recorded  for  the  trailing  type  fairing. 
The  data  recorded  for  the  other  two  fairings  is  similar  in  form  and  is  not 
shown  here. 

Delta  top  tension  is  defined  here  as  the  difference  between  tension  at  the 
upper  end  of  the  towline  at  a particular  speed  and  the  top  tension  at  zero 
speed  for  the  same  scope,  or  in  other  words,  the  top  tension  increase 
due  to  speed.  Delta  bottom  tension  is  the  towline  tension  at  the  body  at  a 
particular  speed  minus  body  weight  in  water,  which  was  241  pounds. 
Figures  4 and  5,  since  they  are  a measure  of  the  body  characteristics, 
define  the  lower  boundary  conditions  of  both  towlines,  and  as  such  they  are 
expected  to  remain  constant  and  repeatable  for  a given  speed.  A review 
of  Figures  4 and  5 shows  that  this  data  is  both  repeatable  and  free  of  any 
influence  due  to  cable  scope  except  the  tension  data  for  the  10 -foot  scope 
(dashed  curve  on  Figure  5).  This  discrepancy  was  determined  to  be  due  to 
effects  produced  on  the  body  by  the  nearness  of  the  towboat  for  the  short 
scope  tow.  A correction  on  top  tension  was  made  for  this  effect. 

Figures  6 through  7 are  presented  as  an  illustration  of  the  quality  of  the 
data.  The  scatter  of  the  angle  data  is  nearly  all  within  plus  or  minus  one 
degree  of  a fitted  curve  and  the  tension  data  is  within  plus  or  minus  two 
pounds,  but  with  a few  exceptional  points  which  are  as  much  as  six 
pounds  from  the  curve.  These  tolerances  are  approaching  the  basic 
accuracy  of  the  transducer -recorder  system.  Therefore,  the  data  is 
considered  to  be  the  best  that  can  practically  be  obtained  with  the  present 
experimental  system. 
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DATA  REDUCTION 

The  louclinji  function  coc'ffici(!iits  were  culculuted  from  the  equutions 

F -T  f j^cos  , , 

^ dT 

G = - - - w sin 

dS 

The  top  uni^le  vs  speed  and  top  tension  vs  speed  curves  for  all  scopes  were  used 
to  obtain  cross-plots  of  - vs  S and  T vs  S from  which  the  derivatives  in  the  above 
equations  could  be  computed.  However,  since  ~r  and  T were  measured  at  dis- 
crete scopes,  a method  of  interpolating  between  these  points  was  needed.  A 
finite  polynomial  curve  was  fitted  to  the  data  in  order  to  carry  out  the  interpo- 
lation. The  method  of  least  squares  was  used  to  obtain  this  fit.  In  Figures  8 
and  9 the  data  points  are  indicated  by  the  symbols  and  the  curves  are  the  mathe- 
matical fits  to  these  data  points.  The  percent  difference  between  any  datum 
point  and  the  curve  is  much  less  than  the  1%  accuracy  of  the  measuring 
instruments. 

A second  degree  polynomial  fits  both  ■ vs  S and  T vs  S data.  This  is  not  meant 
to  imply  that  - and  T are  actually  quadratic  functions  of  S,  but  that  this  was  the 
method  used  to  evaluate  the  functions  and  the  derivatives  over  the  scopes  tested. 
The  fitted  curves  cannot  be  extrapolated  to  longer  scopes  since  the  quadratic 
is  an  approximation  good  only  for  the  scopes  tested.  The  justification  for  using 
a quadratic  equation  is  that  the  experimental  data  indicated  that  r and  T were 
monotonically  increasing  functions  of  S and  a quadratic  polynomial  gave  such  a 
fit.  A higher  degree  polynomial  would  fit  each  data  point  more  exactly  but 
would  also  give  inflection  points  between  the  data  points,  a situation  which  is 
contrary  to  the  experimental  evidence. 

d''"  dT 

The  fitted  curves  were  used  to  calculate  — and  . Knowing  tension  and 

angle  and  their  derivatives  with  respect  to  scope,  the  hydrodynamic  forces 

per  unit  length,  F and  G,  were  then  calculated  from  the  equations  of  equilibrium. 

The  coefficients  and  are  non-dimensionalized  by 
r vj 

C = — 

^F  qd 

C = 

'^G  qd 

where  q is  the  dynamic  pressure  and  d is  the  frontal  width  of  each  assembled 
towline. 

Figures  10  and  11  show  C versus  cp  for  the  three  fairings  tested.  Notice  that 
the  curves  for  each  speed  are  quite  distinct  from  each  other,  indicating  Cp  is 
a function  of  Reynold's  number. 

Curves  of  C„  versus  t for  two  fairings  tested  are  shown  in  Figure  12.  Notice 
that  for  the  miclosed  sectional  fairing  at  4 and  6 knots  the  is  negative.  This 
would  indicate  that  the  tangential  force  is  directed  up  the  cafeie  and  this  could 
only  be  caused  by  a flow  up  the  cable.  The  cable  is  at  a steep  angle  and  the 
Reynold's  number  is  low.  The  G forces  are  about  one  order  of  magnitude  less 
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than  the  F forces.  Also,  the  G forces  are  not  measured  directly  but  are  deter- 
mined indirectly  by  measurement  on  tension  and  angle.  Consequently,  the 
negative  forces  may  not  be  real  but  may  only  be  artifacts  of  the  experiment. 
However,  just  as  there  may  be  a reversal  of  flow  on  a swept  wing  aircraft  so 
there  may  be  a reversal  of  flow  on  this  fairing  at  angles  close  to  90  degrees. 
Surface  effect  may  be  very  important  in  this  low  Reynold's  number  range. 
Future  experiments  along  with  some  theoretical  investigation  of  the  hydro - 
dynamic  forces  on  a catenary  are  needed  to  resolve  this  question.  The  trailing 
fairing  does  not  show  a negative  G force  for  6 through  12  knot  speeds,  but  the 
4 knot  speed  did  indicate  that  G was  negative.  Above  6 knots  the  curve  is 
almost  independent  of  speed  for  the  trailing  fairing.  However,  the^  knot  curve 
is  not  shown  as  the  curve  fitting  technique  for  the  tension  curve  did  not  give  a 
good  fit  to  the  data. 


Many  tests  have  been  conducted  on  faired  cables  in  wind  tunnels  and  water  chann- 
els in  order  to  deduce  a drag  coefficient  for  various  angles  of  inclination  of  the 
cable.  The  results  of  these  tests  are  difficult  to  compare  with  data  obtained  for 
catenary  shaped  cables.  The  data  obtained  in  the  HRC  tests  were  extrapolated 
to  T = 900  in  an  effort  to  compare  these  results  with  the  data  obtained  from  two 
dimensional  tests.  The  extrapolation  is  necessary  since  all  data  obtained  in  the 
tests  were  for  angles  less  than  9Q0.  Two  methods  of  extrapolation  were  used. 

The  methods  are  as  follows: 

1.  The  curves  of  angle  versus  scope  were  individually  extrapolated 
to  cr  = 900  and 

T d" 

^R  ■ “dS~ 


The  tension  was  calculated  from  the  equation 

,1 


^90  = Vo 


s=s 


S-0 


W sin  cf  ds  + 


S=S 


S-0 


G dS 


and  the  integral  involving  G is  neglected.  The  G integral  would  change  Tq«  by 
only  a few  percent,  the  range  being  0.  0 to  0.  02  over  the  interval.  See® 
Figure  12  vs  cr.  The  notations  S and  are  explained  in  the  following  figure; 
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90 
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Actual  position  of  body 


Extrapolated  position  of  body  for  q?  = 90° 


and 


2. 


The  second  method  used  was  to  fit  a curve  to  C„  versus  o plots 
of  the  form  ^ 


2 

Cp  = A + B sin  CO  + C sin  co 


CO  = 90 
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The  constants  A,  B,  and  C would  Uien  be  functions  of  speed.  The  method  of  least 
squares  was  again  used  to  determine  the  equation. 

The  two  methods  gave  C.  's  that  were  within  about  5%  of  each  other  except  for  the 
10  knot  and  12  knot  speecfs  on  tlie  plastic  fairing.  Only  the  first  method  was  used 
to  calculate  for  these  two  speeds,  as  the  second  method  did  not  give  a good 
fit  to  the  data.  ^ 

The  curves  of  versus  Reynold's  number,  Figure  13,  indicate  that  for  speeds 
less  than  8 knots  on  the  enclosed  fairing  C„  is  related  to  Reynold's  number  by 
P Const 

^R  " Rey  ■ 

The  same  relationship  is  approximately  true  for  the  trailing  type  fairing.  C^for 
the  trailing  fairing  is  approximately  constant  above  a Reynold's  number  of 
5 x 10^.  The  general  form  of  the  two  curves  are  similar  and  they  are  also 
similar  to  the  curves  obtained  from  a two-dimensional  fairing  test,  which  was 
run  in  the  DTMB  water  channel  and  was  reported  in  Ref.  10.  Figure  13  also 
contains  data  for  Model  B,  an  identical  shape  but  different  size  enclosed  fairing, 
and  Model  E,  a trailing  type  fairing,  taken  from  that  reference. 

The  fully  enclosed  fairing  is  a more  streamlined  body  than  the  trailing  type 
fairing  as  is  indicated  by  the  lower  values  of  C„  at  all  Reynold's  numbers. 

A parameter  indicative  of  the  amount  of  strearnlining  of  the  fairing  and  cable 
should,  <^herefore,  be  considered  in  analyzing  the  data,  i.  e. , ratio  of  fairing 
thickness  to  cable  diameter  diameter.  The  trailing  fairing  in  this  study  is  then 
"rougher"  than  the  enclosed  fairing.  Rough  in  this  context  means  a body  that  is 
not  well  streamlined,  or  one  that  may  have  separation  near  the  junction  of  the 
back  side  of  the  cable  and  the  leading  edge  of  the  fairing. 

Notice  that  for  the  enclosed  fairing  C„  decreases  with  Reynold's  number  from 
4 to  10  knots  but  after  10  begins  to  increase  with  Reynold's  number.  This 
increase  in  C„  around  10  kriots  could  be  interpreted  as  a transition  range  from 
laminar  to  turbulent  flow.  C„  would  increase  if  the  flow  changed  from  laminar 
to  turbulent  due  to  the  increase  in  the  shear  stress.  The  separation  point  on 
this  well  streamlined  body  would  probably  not  change  appreciably  in  the  tran- 
sition range  and  thus  the  pressure  drag  would  not  decrease  as  is  the  case  for  a 
circular  cylinder.  The  total  increase  in  Cj^  would  then  be  due  only  to  the 
increased  shear  stress. 

The  trailing  fairing  docs  not  show  a transition  range,  indicating  that  the  flow  is 
probably  full/  established  turbulent.  This  would,  of  course,  be  due  to  the 
roughness  of  vhe  fairing. 

Many  investigator'^  have  assumed  loading  functions  of  the  form 


"r  f 


where  C„  is  the  normal  force  coefficient  for  cp  = 90”  and  f (cr)  is  a function  of 
cable  anpe  usually  in  the  form  of  sin  >r  and  cos  co.  This  means  that  the 
Reynold's  number  dependence  (speed  effect)  for  Cp  is  the  same  as  that  for  Cj^. 
Under  this  assumption  „ 
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and  f (p)  is  independent  of  speed.  Figure  14  of  F/R  versus  " indicates  that  this 
assumption  is  only  partially  true.  There  is  an  indication  that  F/R  does  depend 
on  Reynold's  number  and,  as  mentioned  previously,  the  degree  of  streamlined- 
ness of  the  cable  and  fairing. 

Let  us  consider  the  following  in  analysis  of  the  F/R  versus  •:  curves  for  both 
trailing  type  fairing  and  enclosed  fairing. 

1.  For  the  trailing  type  fairing,  F/R  is  almost  independent  of  speed 
for  6 through  12  knots  but  the  curve  for  4 knots  is  different  from  the  other  four 
speeds. 


This  seems  to  indicate  that  below  a certain  speed  for  this  fairing 
F/R  depends  on  Reynold's  number  while  above  this  speed  F/R  is  almost 
independent  of  speed.  Notice  that  all  of  the  independent  data  falls  completely 
above  the  sin^  ■,  curve,  which  is  included  in  Figure  14. 


I 


\ 
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2.  For  the  enclosed  fairing  the  same  reasoning  applies  except  that 
the  4,  6,  and  8 knot  curves  are  separate  while  only  the  10  and  12  knot  curves 
are  almost  independent  of  speed.  The  enclosed  fairing  is  a better  stream- 
lined body  than  the  trailing  type  fairing.  Thus,  the  transition  from  F/R 
dependent  on  Reynold's  number  to  F/R  as  only  a function  of  angle  takes  place 
at  a higher  Reynold's  number. 


n 


A 


These  two  considerations  indicate  that  F/R  depends  not  only  on  angle  but  also 
on  Reynold's  number  and  roughness,  and  that  above  a critical  Reynold's  number, 
the  assumption  that  F/R  is  only  a function  of  angle  is  probably  good.  The 
critical  Reynold's  number  depends  on  the  roughness  of  the  cable  and  fairing.  The 
theory  that  there  exists  a critical  Reynold's  number  dependent  on  the  shape  of  the 
fairing  above  which  F/R  is  only  a function  of  angle  should  be  investigated  in 
future  tests,  along  with  a wider  range  of  cable  angle  to  see  if  F/R  is  only  a 
function  of  angle  above  that  critical  Reynold's  number. 


CONCLUSIONS 

Reynold's  number  effects  were  observed  on  both  towlines.  Since  only  a small 
portion  of  the  data  appeared  to  be  free  of  such  effects,  no  attempt  was  made  to 
derive  general  expressions  for  the  loading  functions.  It  is  evident  that  data  taken 
at  Reynold's  numbers  above  the  transition  range  are  needed  to  permit  the  fit  of 
a mathematical  expression  to  the  loading  functions. 

For  both  towlines,  extrapolated  values  of  C„  show  the  same  general  trend  as  two 
dimensional  test  results  obtained  with  geometrically  similar  fairing.  However, 
each  set  of  three  dimensional  data  was  consistently  higher  than  the  corresponding 
set  of  two  dimensional  data.  This  difference  is  believed  to  be  real  and  due  to 
effects  of  curvature  and  possible  cable-body  interaction. 

Above  the  Reynold's  number  at  which  transition  occurs  the  liniited  data  of  these 
tests  indicate  loading  functions  that  are  close  to  the  F/R  = sin^  'P  law.  However, 
the  trailing  fairing  values  were  greater  than  the  sin^  p law  and  there  utilization 
would  result  in  predictions  of  shallower  tows  with  higher  tensions. 

The  enclosed  sectional  fairing  data  would  predict  deeper  tows  and  lower  tensions 
than  those  given  by  a F/R  = sin^  p loading  function. 


266 


The  negative  values  of  G were  due  either  to  an  upward  vertical  component  of  flow 
or  to  difficulty  in  measuring  tangential  components  when  the  towline  is  at  steep 
angles  and  low  Reynold's  numbers.  The  latter  is  the  more  likely. 

The  questions  concerning  the  dependence  of  the  forces  on  the  shape  of  the 
catenary  and  the  effect  of  upstream  sections  on  the  forces  at  a given  point  have 
not  been  settled. 


NOMENCLATURE 

F normal  hydrodynamic  force  per  unit  length 

G tangential  hydrodynamic  force  per  unit  length 

R drag/unit  length  of  cable  when  cable  is  normal  to  the  direction  of 

motion 

V horizontal  velocity  component 

Cpj  normal  force  coefficient  when  cable  is  normal  to  the  direction  of 

motion 

Cj,  normal  hydrodynamic  force  coefficient 

Cq  tangential  hydrodynamic  force  coefficient 

T cable  tension 

W cable  weight  in  water 

cf  angle  of  inclination  to  the  flow 

d frontal  width  of  fairing 

D mass  density  of  the  fluid 

V kinematic  viscosity 

T^  resultant  force  developed  by  the  body 

cable  angle  at  the  body  (e.  g. , towstaff  angle) 

S length  of  cable  in  water  (scope) 
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The  coefficients  Cp  and  are  non-dimensionalixed  by 


Cp  = 


qd 

G 

qd 


where  q is  the  dynamic  pressure  and  d is  the  frontal  width  of  each 
assembled  towline. 

Figure  2 
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Figure  3.  Body  Instrumentation 


Speed  in  Knots 

Figure  4.  Tow  Staff  Angle  vs.  Speed  for  Various  Scopes  of  Both  Trailing  and  Enclosed  Fairing 


Speed  in  Knots 

Figure  5.  a Bottom  Tension  vs.  Speed  for  Various  Scopes  of  Both  Trailing  and  Enclosed  Fairing 


Speed  in  Knots 

Figure  6.  Cable  Angle  vs.  Speed  for  Various  Scopes  of  Trailing  Fairing 
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Cable  Angle  in  Degrees 


Cable  Angle  in  Degrees 
Figure  10.  C„  as  a Function  of  Cable  Angle 


Cable  Angle  in  Degrees 
Figure  11.  C_,  as  a Function  of  Cable  Angle 
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Figure  12.  C„  as  a Function  of  Cable  Angle 
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Figure  14.  F/R  as  a Function  of  Cable  Angle 
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ABSTRACT 

Laboratory  tests  on  a trailing  fairing  model  using  the  DTMB  Cable -Fairing 
Dynamometer  have  shown  a significant  Reynolds  number  effect  on  the 
tangential  loading  function.  The  quantitative  effects  of  Reynolds  number  are 
shown  for  the  model  and  a method  for  collapsing  the  data  is  described. 


INTRODUCTION 

To  predict  with  reasonable  accuracy  the  steady-towing  tensions  and  configura- 
tions of  systems  consisting  of  a towed  body  and  a faired  towcable,  the  normal 
and  tangential  hydrodynamic  loading  functions  for  an  element  of  the  particular 
cable-fairing  combination  must  be  known.  The  David  Taylor  Model  Basin  has 
developed  a test  facility,  the  DTMB  Cable-Fairing  Dynam.ometer,  to  provide 
a means  of  determining  these  loading  functions  by  laboratory  tests  of  relatively 
short  cable-fairing  models^.  The  accuracy  of  predictions  based  on  loading 
functions  obtained  by  this  facility  has  not  yet  been  evaluated,  but  the  accuracy 
will  be  evaluated  as  sea  trial  data  are  accumulated.  Recent  tests  on  a 
particular  fairing  model  using  the  Dynamom.eter  have  revealed  an  apparent 
Reynolds  number  effect  that  cannot  be  neglected  when  using  the  tangential 
loading  function  in  the  calculation  of  cable  tensions  and  configurations. 


TEST  APPARATUS  AND  PROCEDURE 

Prior  to  describing  the  effects  of  Reynolds  number  on  the  loading  functions,  a 
brief  description  of  the  test  apparatus  and  procedure  is  in  order.  The  DTMB 
Cable-Fairing  Dynamometer,  described  briefly  in  Reference  1,  is  designed 
to  measure  the  normal,  tangential,  and  transverse  forces  acting  on  a rigid 
cable-fairing  model  for  cable  angles  from  90  to  30  degrees  in  5-degree 
increments  and  for  cable-fairing  imm.ersions  from  0 to  80  inches.  The  normal 
and  tangential  forces  sensed  by  the  gages  are  recorded  by  integrating  digital 
voltmeters,  and  the  transverse  force  is  monitored  so  that  this  force  can  be 
minimized.  The  cable  and  fairing  model  used  for  the  tests  described  in  this 
report  was  a modified  DTMB  TF-84.  The  cable  model  has  a diameter  of 
2 inches;  the  fairing  has  a maxim.um  thickness  equal  to  80  percent  of  the  cable 
diameter;  and  the  cable-fairing  combination  has  a chord  length  equal  to  3.875 
cable  diameters. 

^Superior  numbers  refer  to  simalarly-numbered  references  at  the  end  of  this 
paper. 


With  the  model  at  90  degrees  to  the  flow,  the  normal  and  tangential  forces  were 
measured  for  various  submergences  up  to  80  inches  at  speeds  from  1 to  9 knots 
in  1-knot  increments.  The  normal  and  tangential  forces  were  then  measured  at 
cable  angles  from.  90  to  30  degrees  in  10-degree  increments  for  various 
submergences  at  speeds  of  2,  4,  6,  7,  and  8 knots. 


ANALYSIS  TECHNIQUE  TO  OBTAIN  LOADING  FUNCTIONS 

To  obtain  the  two-dimensional  forces  acting  on  the  model,  the  following 
technique  was  used.  The  normal  and  tangential  forces  for  each  cable  angle 
and  speed  were  plotted  as  a function  of  submergence.  When  the  force  increased 
linearly  with  increasing  submergence,  the  end  effects  were  assumed  to  have 
become  constant  with  increasing  submergence.  The  slope  of  the  linear  portion 
of  this  curve  is  the  force  per  unit  length  (unit  force)  acting  on  the  cable-fairing 
model,  independent  of  length,  for  each  speed  and  cable  angle. 

The  unit  normal  force  at  90  degrees  was  put  in  coefficient  form  based  on  wetted 
area  and  plotted  as  a function  of  Reynolds  number  based  on  chord  length  as 
shown  in  Figure  1.  The  ATTC  Turbulent  Friction  Line  is  also  presented  to 
show  the  relation  between  friction  drag  and  total  drag;  the  friction  drag  is  seen 
to  be  10  to  15  percent  of  the  total  drag  for  this  particular  model. 

The  hydrodynamic  loading  functions  are  defined  as  the  ratio  of  the  steady-state, 
two-dimensional,  hydrodynamic  forces  acting  on  an  element  of  cable  at  an 
angle  <j>  to  the  free  stream  to  the  force  when  the  element  is  normal  to  the  free 
stream  (4>  = 90  degrees).  The  method  then  to  obtain  the  loading  functions  is  to 
non-dimensionalize  the  unit  normal  force  (X)  and  unit  tangential  force  (Z)  at  each 
cable  angle  and  speed  by  dividing  each  unit  force  by  the  unit  normal  force  at 
90  degrees  (R)  at  the  corresponding  speed.  Both  non-dimensionalized  forces  are 
then  plotted  as  a function  of  cable  angle  and  the  resultant  curves,  one  for  the 
normal  and  one  for  the  tangential,  are  the  loading  functions.  Using  this  non- 
dimensionalizing  technique  for  the  normal  force  results  in  the  plot  shown  in 
Figure  2 for  the  model  being  discussed.  The  curve  X/R  equals  sin^ <j>  also  is 
shown  on  the  graph,  and  the  data  points  are  in  very  close  agreement  with  the 
"sine  squared  law". 

Using  the  same  non-dimensionalizing  technique  for  the  unit  tangential  force  to 
obtain  the  tangential  loading  function  results  in  the  plot  shown  in  Figure  3.  The 
points  plotted  for  each  speed  show  a considerable  spread.  Therefore,  a single 
equation  independent  of  speed  cannot  be  written  to  describe  their  form.  A 
curve  describing  the  points  for  2 knots  is  30  to  40  percent  higher  than  the  one 
to  describe  the  points  for  8 knots.  Thus,  a different  mathematical  expression 
for  the  nondimensional  tangential  loading  function  is  required  at  each  Reynolds 
number.  Although  it  is  possible  to  write  an  expression  for  this  loading  function 
at  each  Reynolds  number,  it  seems  more  desirable  to  write  one  expression 
which  includes  the  effects  of  Reynolds  number. 


MODIFIED  TECHNIQUE  TO  COLLAPSE  THE 
TANGENTIAL  LOADING  FUNCTION 

Because  of  the  consistent  variation  with  speed  of  the  nondimensional  unit 
tangential  force  for  each  angle,  the  force  was  assumed  to  be  Reynolds  number 
dependent.  To  account  for  the  dependency,  a different  non-dimensionalizing 
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force  was  used;  e.g.,  the  frictional  component  of  the  total  drag  based  on  the 
effective  chord  which  is  described  by  the  distance  from  leading  edge  to  trailing 
edge  as  measured  coincidental  to  the  free-stream  velocity  vector.  This  is  the 
distance  that  effectively  dictates  the  boundary-layer  build-up.  To  obtain  the 
frictional  drag,  the  Reynolds  number  is  first  computed  from  the  relation 

where  V is  the  towing  speed, 

c is  the  chord  (distance  from  the  front  of  the  cable,  measured 
perpendicular  to  the  longitudinal  axis  of  the  cable,  to  the  trailing 
edge  of  the  fairing), 

V is  the  kinematic  viscosity  of  the  fluid, 
and  is  the  acute  angle  between  the  longitudinal  axis  of  the  cable  and 
the  direction  of  motion. 


The  frictional  drag  coefficient  was  then  obtained  from  the  ATTC  Turbulent 
Friction  Line  described  by  Schoenherr 's  Friction  Formulation,  which  is 
tabulated  in  Reference  2 or  may  be  computed  from 

•2^  = logio  [2] 

nTC, 

where  Cf  is  the  frictional  drag  coefficient. 


Then,  for  each  speed  and  cable  angle,  the  frictional  drag  was  computed  using 

D,^=C^QS,  [3] 

where  Q is  the  dynamic  pressure, 

and  S is  the  wetted  area  per  unit  length  of  cable. 

The  unit  tangential  force  for  each  cable  angle  and  speed  is  divided  by  the 
corresponding  computed  friction  drag.  The  results  of  this  analysis  are  shown 
in  Figure  4.  The  data  collapse  very  well  and  can  now  be  described  by  a single 
curve  and  a single  equation  that  accounts  for  Reynolds  number. 

For  a cable  angle  of  90  degrees,  there  is  no  tangential  force,  thus  the  value 
of  the  loading  function  is  0.  For  very  clean  fairing  (one  having  a minimum  of 
surface  imperfections  along  length)  inclined  parallel  to  the  stream  (a  cable 
angle  of  0 degrees),  the  tangential  force  can  be  assumed  all  frictional  drag  and 
the  value  of  the  loading  function  is  unity.  This  is  equivalent  to  considering  the 
fairing  as  an  infinitesimally  thin  flat  plate  that  has  no  pressure  drag  (Eames^ 
"general  fine"  case),  in  which  case  the  loading  function  is  equal  to  the  cosine 
of  the  cable  angle.  As  a component  of  pressure  drag  is  added  to  the  component 
of  frictional  drag  in  the  tangential  direction,  the  loading  function  should  rise 
above  "cosine"  line  as  is  seen  to  be  the  case  for  the  modified  TF-84  fairing. 


CONCLUDING  REMARKS 

The  results  of  the  tests  on  this  fairing  model  show  that  there  is  a significant 
Reynolds  number  effect  on  the  tangential  loading  that  should  be  taken  into 
account  when  predicting  cable  configurations  and  tensions  using  this  type  of 
fairing . 
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The  Model  Basin  feels  that  it  would  be  premature  at  this  time  to  recommend 
adoption  of  the  modified  technique  for  expressing  the  tangential  loading  function, 
but  wishes  to  alert  future  investigators  that  this  Reynolds  number  effect  should 
be  expected  and  taken  into  account  when  the  state  of  the  art  warrants  this 
requirement.  The  technique  discussed  here  may  provide  a convenient  means 
for  accomplishing  this  end. 
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ABSTRACT 

Two  alternative  methods  for  predicting  steady- state  configurations  and  towline 
tensions  are  evaluated  by  comparing  predicted  data  with  experimental  data. 
Between  the  two  methods.  Method  1 is  shown  to  provide  better  overall 
predictions  of  cable  tension,  cable  angle  at  towing  vessel,  and  body  depth  for 
the  bare-cable  case.  The  best  agreement  between  the  experimental  data  and 
the  data  predicted  by  Method  1 is  obtained  with  a cable  drag  coefficient  of 
1.5  and  a tangential  force  factor  of  0.02. 


INTRODUCTION 

The  David  Taylor  Model  Basin  is  engaged  in  a broad  research  program 
directed  toward  the  development  of  improved  experimental  and  analytical 
techniques  for  predicting  the  steady-state  and  dynamic  characteristics  of 
cable-towed  systems.  Pursuant  thereto,  a project  was  initiated  to  determine 
which  of  the  various  existing  methods  would  provide  the  most  accurate 
predictions  of  the  steady- state  configurations  and  associated  towline  tensions 
for  cable-towed  bodies.  The  project  is  being  carried  out  in  two  phases;  one 
involving  the  use  of  bare  cables  and  the  other  involving  the  use  of  faired 
cables.  This  paper  deals  with  the  first  phase^,  and  is  confined  to  an  evalu- 
ation of  the  two  methods  most  commonly  used  by  the  Model  Basin. 

To  carry  out  the  objectives  of  the  subject  program,  the  Model  Basin  equipped 
an  existing  body  with  special  purpose  instrum.entation  and  towed  it  at  sea 
by  bare  cable  to  obtain  steady-state  configuration  data.  The  experimental 
data  were  then  compared  with  corresponding  values  obtained  by  means  of 
each  of  the  two  prediction  methods.  Based  on  these  comparisons,  a set  of 
"loading  functions"  was  selected  that  should  result  in  reasonably  accurate 
predictions  of  steady- state  configurations  and  tensions  for  body-dominated 
towed  systems  . 


GENERAL  CONSIDERATIONS 

The  steady-state  equations  of  a cable-body  system  expressed  in  terms  of 
the  hydrodynamic  and  hydrostatic  forces  acting  on  an  element  of  cable  are 
given  in  Reference  2.  A diagram  showing  how  these  forces  are  resolved  is 

^Superior  numbers  refer  to  similarly-numbered  references  at  the  end  of 
this  paper. 
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reproduced  as  Figure  1.  Once  the  hydrodynamic  characteristics  of  the  towed 
body  and  the  towing  cable  are  known,  the  cable  configuration  and  tension  can 
be  determined  from  the  equations.  Generally,  the  hydrodynamic  character- 
istics of  the  towed  body  are  known  or  can  be  readily  obtained.  However, 
there  are  little  data  concerning  the  exact  magnitude  of  the  hydrodynamic 
forces  acting  on  the  element  of  cable.  Consequently,  the  usual  practice  is  to 
assume  that  these  forces  are  some  predetermined  function  of  the  angle  that 
the  cable  rrakes  to  the  stream.  Furthermore,  such  factors  as  cable  strands, 
roughness,  and  cable  vibration  may  affect  the  forces  on  a cable.  The  cable 
strands  and  roughness  may  cause  turbulent  flow  over  the  element  of  cable 
which  could  either  increase  or  decrease  the  hydrodynamic  forces.  If  the 
cable  is  vibrating,  the  effective  frontal  area  is  increased  and  hence,  the 
forces  are  increased.  Severe  vibration  usually  occurs  in  bare-cable  towing 
operations . 

In  spite  of  the  aforementioned  uncertainties,  the  basic  differential  equations 
have  been  generally  accepted  and  used,  but  various  agencies  have  developed 
different  expressions  for  the  hydrodynamic  loading  forces  on  an  element  of 
cable.  The  two  methods  most  commonly  used  by  the  Model  Basin  to  predict 
the  steady-state  characteristics  of  the  cable-towed  body  system  are 
described  in  References  2 and  3 and  are  designated  herein  as  Methods  1 and  2, 
respectively.  The  two  methods  are  essentially  the  same  but  differ  in  the 
loading  functions  which  are  used.  Both  methods  resolve  the  hydrodynamic 
force  into  normal  and  tangential  components,  as  shown  in  Figure  1.  The 
expression  used  for  the  hydrodynamic  force  components  for  each  method  are 
compared  in  Table  1.  It  may  be  noted  that  the  tangential  force  in  Method  1 
is  independent  of  the  cable  angle  whereas,  in  Method  2,  it  is  a function  of 
cable  angle  . 


TABLE  1 


Assumed  Expressions  for  Hydrodynamic  Force  Components  Used 

in  Methods  1 and  2 


Method 

Normal  Force 

Tangential  Force 

1 

R sin® 

+Rf 

2 

R sin®  4) 

R[0 . 083  cos  4>  - 0 . 035  cos®<|)] 

The  Model  Basin  has  a computer  program  for  calculating  the  equilibrium 
configuration  of  a flexible  cable  in  a uniform  stream*.  The  program  is  based 
on  the  differential  equations  of  Reference  2 which  assume  that  the  velocity  at 
the  element  is  constant  and  is  not  affected  by  curvature  of  the  cable.  It 
further  assumes  that  the  cable  is  inelastic  and  offers  no  resistance  to  bending. 
When  the  hydrodynamic  forces  acting  on  the  cable-body  system  are  known, 
the  predicted  configuration  may  be  computed  to  an  accuracy  of  ±0.001  percent 
for  each  integration  step.  The  exact  configuration,  then,  is  primarily 
dependent  upon  the  accuracy  of  the  input  data  used  in  the  program.  The 
computer  program  was  set  up  to  allow  a choice  of  the  two  methods  to  predict 
the  cable  configuration  and  towline  forces  . 
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PAR/*METR1C  STUDIES  WITH  TWO  PREDICTION  METHODS 


'4 

Prior  to  making  direct  comparisons  between  measured  and  predicted  results, 


computations  were  made  to  determine  the  effect  of  arbitrary  parametric  ] 

variations  on  the  cable  configurations  and  tensions  computed  by  each  of  the  ’ 

two  methods  using  the  hydrodynamic  characteristics  of  the  body.  The  cases  i j 

considered  were  for  scopes  of  100,  200,  and  280  feet.  For  Method  1,  cable 

drag  coefficients  Cr  of  0.8,  1.5,  and  1.8  in  combination  with  f values  of 

0.01,  0.02,  and  0.03  were  used  for  the  computations.  For  Method  2,  cable 

drag  coefficients  of  0.8,  1.5,  and  1 . 8 were  used.  J 


For  Method  1,  the  variation  in  Cj^  has  a significant  influence  on  the  body  depth, 
cable  angle,  and  tension  at  the  ship.  However,  the  variation  in  f has  little 
effect  on  depth  and  cable  angle  but  has  considerable  influence  on  the  net  tension. 
Thus,  if  a drag  coefficient  is  selected  to  give  good  agreement  between 
predicted  and  measured  values  of  depth  and  cable  angle,  a value  of  f can  be 
selected  which  will  give  good  agreement  on  net  tension  as  well. 


For  Method  2,  the  variation  in  Cj^  also  has  a significant  influence  on  the  body 
depth,  cable  angle,  and  tension  at  the  ship.  In  this  case,  the  only  value  that 
can  be  changed  in  any  given  computation  is  the  cable  drag  coefficient. 
Consequently,  if  good  agreement  cannot  be  obtained  with  one  value  of  drag 
coefficient  for  all  three  quantities,  then  changes  in  the  drag  coefficient  to 
improve  the  agreement  with  one  of  the  quantities  will  result  in  poorer  agree- 
ment with  one  or  both  of  the  other  two  quantities. 


On  this  basis,  a Cr  of  1.5  in  combination  with  an  f value  of  0.02  was  found 
to  be  best  for  Method  1 and  a Cr  of  1 . 5 was  found  best  for  Method  2.  The 
predictions  based  on  the  selected  values  for  each  method  are  compared  with 
the  measured  data  in  Figures  2,  3,  and  4 for  a nominal  cable  scope  of  280  feet. 


CONCLUSIONS 

Based  on  an  evaluation  of  two  alternative  methods  of  predicting  steady-state 
towing  configurations  and  towline  tensions  of  a cable-body  system  towed  by 
bare  cable,  and  comparisons  made  between  predictions  and  measurements 
obtained  from  towing  experiments  conducted  at  sea  on  a body  dominated  cable 
towed  body  system,  the  following  conclusions  are  drawn: 

1.  Within  the  range  investigated.  Method  1 is  the  best  of  the  two  methods  ;l 

from  the  standpoint  of  providing  good  predictions  of  both  the  steady-state  j 

tensions  and  configurations  for  a towed-body  system  utilizing  bare  cable.  J 

2.  Using  a cable  drag  coefficient  Cp  = 1.5  and  a tangential  force  factor  || 

f = 0.02,  Method  1 can  be  used  with  reasonable  accuracy  to  predict  the  cable  j 

tension,  the  cable  angle  at  the  towing  ship,  and  the  body  depth  for  towed  body  ■ 

systems  utilizing  bare  cable.  j 

' « 

) 

3.  Using  a cable  drag  coefficient  Cr  = 1.5,  Method  2 can  be  used  to  - 

predict  the  body  depth  and  the  cable  angle  at  the  towing  ship,  but  will  tend  to  ; s 

predict  cable  tensions  that  are  too  high  for  towed  body  systems  utilizing  r I 

bare  cable.  ' • 


NOMENCL.ATURE 

R 

Cr  Drag  coefficient,  i"  ^ 

d Diameter  of  cable 

F Drag  per  unit  length  of  cable  when  cable  is  parallel  to  the  stream 

f Ratio  F/R 

R Drag  per  unit  length  of  cable  when  cable  is  perpendicular  to  the 

stream 

s Scope  (length)  of  cable 

T Cable  tension  at  the  ship 

Tq  Cable  tension  at  the  towed  body 

V Speed 

W Weight  in  water  per  unit  length  of  cable 

y Depth 

p Mass  density  of  fluid 

<j>  Cable  angle 
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NOTATION 

The  nomenclature  defined  in  DTMB  Report  1319  Is  used  herein 
where  applicable.  The  positive  direction  of  axes,  angles,  forces, 
moments  and  velocities  are  shown  in  the  accompanying  sketch. 
Sketches  defining  pure  swaying  and  pure  yawing  motions  are  also 
included.  The  coefficients  and  symbols  are  defined  as  follows: 


Symbol 

Dimensionless  Form 

Definition 

A 

Planform  area  of  a sec- 
tion of  faired  cable 

AR 

b^ 

A 

Aspect  ratio 

a 

ac 

2 

Distance  between  refer- 
ence axis  and  midchord 
of  faired  cable,  percent 
of  semichord  positive 
aft  of  midchord 

a 

o 

Section  lift  curve  slope 

b 

Span  of  faired  cable 
section 

c 

Chord  of  faired  cable 

C(k) 

F(k)  + lG(k) 

Theodorsen  Function 

^La 

9a 

Three  dimensional  lift 
curve  slope 

D 

C = — 2 — 
^ ipU®  A 

Drag  coefficient 

F(k) 

Real  part  of  C(k) 

)i 


Definition 

Frequency  in  cycles  per 
second 

Imaginary  part  of  C(k) 
Imaginary  part  of 

Moment  of  inertia  of 
faired  cable  section 
about  z axis 

Reduced  frequency  param- 
eter 

Lift  coefficient 


Symbol 

Dimensionless  Form 

Definition 

r 

r' 

• 2 

4U®  "" 

Angular  acceleration 
about  z axis 

t 

t 

c 

Maximum  thickness  of 
faired  cable  section 

U 

Velocity,  relative  to 
fluid,  of  origin  of 
body  axes  x,y,z;  in  feet 
per  second 

V 

v' 

2y 

- - - k 
" U “ c 

Component  of  velocity 
along  y axis 

> 

V 

V ' 

II 

!<;. 

S,p 

II 

o 1 

|3 

Linear  acceleration 
along  y axis 

. 

X 

S 

X 

iplf  A 

Longitudinal  force 

" 

X 

Reference  length  for 
PMM  system 

r ’ 

1 

1 

X 

c 

Distance  along  x axis 
from  leading  edge  of 
faired  cable  section  to 
reference  axis 

X 

o 

o 

Inertial  axes  fixed  in 
space 

Y 

Y 

ipU®  A 

Lateral  force 

i « 

u 

y 

c 

Displacement  along  y 
axis 

i 300 

:'i 

t 


k. 


Symbol 


Dimensionless  Form 


Definition 


- 1 V 

p p = -sin  - 

V 

P 

^ Pq  - Py 


'I/ 


uu 


Sideslip  angle 

Kinematic  viscosity 
Mass  density  of  water 

Cavitation  number 


-PHASE\ 

Phase  angle 

Cable  angle,  angle  be- 
tween leading  edge  of 
faired  cable  and  hori- 
zontal reference  plane 

Phase  angle  between 
PMM  cranks  required  for 
pure  yawing 

Yaw  angle  about  y axis 

Yawing  angular  velocity 

Yawing  angular  accel- 
eration 

Circular  frequency  of 
oscillation 


Subscripts: 

IN 

OUT 

m 

F 

A 

m 

s 

y 

R 


In-phase  component  of  force  or  moment 

Out-of -phase  or  quadrature  component  of 
force  or  moment 

Maximum  amplitude 

Associated  with  forward  gage 

Associated  with  aft  gage 

Value  for  model  (affected  quantity  to  be 
enclosed  in  parentheses) 

Associated  with  swaying 

Associated  with  yawing 

Resultant 


Note:  All  derivatives  with  respect  to  angular  quantities  are 

given  as  "per  radian." 
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SKETCHES  SHOWING  POSITIVE  DIRECTIONS  OF  AXES,  ANGLES,  DISPLACEMENTS,  VELOCITIES,  FORCES 
MOMENTS,  AND  DEFINITIONS  ASSOCIATED  WITH  PURE-SWAYING  AND  PURE-YAWING  MOTIONS 


ABSTRACT 


The  results  of  an  experimental  study  performed  to  determine 
the  dynamic  coefficients  applicable  to  faired  cables  are  presented 
The  coefficients  are  given  for  a range  of  reduced  frequencies  and 
for  several  environmental  conditions.  The  data  are  compared  with 
the  Theodorsen  flutter  theory  as  well  as  other  pertinent  experi- 
mental results.  Modifications  to  the  existing  theory  based  on  the 
present  results  as  well  as  the  results  of  other  investigations  are 
suggested. 


INTRODUCTION 

The  ability  to  cable  tow  submerged  bodies  from  surface  ships 
at  high  speeds  has  always  been  an  operational  requirement  of  the 
U.  S.  Navy.  In  recent  years,  with  the  advent  of  high-speed  hydro- 
foil craft  and  other  marine  vehicles,  this  requirement  has  been 
reenforced.  The  power  required  to  tow  a given  submerged  body  at 
high  speeds  is  not  only  a function  of  the  body  characteristics 
(drag)  but  may  be  predominantly  a function  of  the  cable  drag  and 
behavior.  The  existing  types  of  cables  such  as  cables  having  cir- 
cular cross-sections  as  well  as  those  having  "clip-on"  fairings 
are  not  satisfactory  for  high-speed  applications. 

The  United  States  Navy  Electronics  Laboratory  has  been  con- 
cerned with  this  problem  for  a particular  hydrofoil  craft  applica- 
tion. The  NEL  has  undertaken  to  sponsor  a research  program  to 
develop  and  evaluate  the  characteristics  of  faired  cables.  In- 
formation derived  from  these  studies  could  be  used  to  develop 
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design  criteria  for  such  cables.  As  part  of  this  program  HYDRO- 
NAUTICS,  Incorporated,  under  Contract  No.  123 (953 )53212A,  has 
undertaken  a systematic  experimental  study  to  determine  the  hydro- 
dynamic  characteristics  of  several  specific  falred-cable  sections 
(having  standard  NACA  cross-sections)  which  were  being  considered 
by  the  NEL.  These  studies^ consisted  of  determining  the  static 
and  dynamic  characteristics  of  the  specified  sections  operating 
under  various  environmental  conditions.  In  addition,  studies  in- 
volving boundary  flow  visualization  were  performed  to  provide  a 
better  physical  understanding  of  the  measured  data. 

The  present  report  presents  the  results  of  the  dynamic  tests 
that  were  performed.  It  is  believed  that  the  results  presented 
herein  are  unique.  A search  of  existing  literature  has  failed  to 
reveal  comparable  information.  Results  are  presented  for  a sim- 
ulated faired  cable  having  an  NACA  63AO20  section.  The  data  are 
compared  with  existing  theory  and  modifications  to  the  theory  are 
discussed. 


DESCRIPTION  OF  MODEL 

The  simulated  faired-cable  model  used  for  the  dynamic  tests 
was  the  A-3  model  of  Reference  1.  The  geometric  characteristics 
of  this  model  are  presented  in  Table  1. 
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References  are  listed  on  page  142 


TABLE  1 


Geometric  Characteristics  of  Simulated  Faired  Cable 


Chord,  ft. 

0.333 

Span,  ft.  (effective  submerged) 

1.5 

Taper  ratio 

1.0 

Sweep  angle,  degrees 

90 

Projected  area,  sq.ft. 

0.5 

NACA  Section 

63AO2O 

Section  maximum  thickness,  percent  chord 

20 

Distance  to  Reference  point  from  leading 

edge,  percent  chord 

37.5 

The  models  were  machined  from  7075-T6  aluminum  plate  to  the 
required  section  offsets  using  the  HYDRONAUTICS,  Incorporated  pro- 
file-milling machine  and  airfoil  cutting  techniques. 

TEST  APPARATUS  AND  PROCEDURES 

The  experimental  study  was  conducted  In  the  HYDRONAUTICS,  In- 
corporated High-Speed  Channel  (HSC)  using  a Planar  Motion  Mechanism 
and  associated  instrumentation.  The  channel  and  PMM  are  described 
in  detail  in  Reference  3.  Briefly,  the  HSC  is  a free-surface, 
variable-pressure,  high-speed  channel.  The  HSC  tests  section  is 
twelve  feet  long  and  two  feet  wide.  Generally,  the  HSC  is  operated 
with  a free-surface.  The  water  depth  in  the  test  section  can  be 
varied  remotely,  from  6-inches  to  24  inches.  In  addition,  the 
ambient  pressure  in  the  HSC  is  adjustable  from  about  2-lnches  of 
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water  absolute  to  1 atmosphere.  This  feature  allows  models  to  be 
tested  at  the  proper  cavitation  number.  The  HSC  is  also  equipped 
with  a large  heat  exchanger-cooling  tower  system.  Thus  the  water 
temperature  can  be  varied  over  a wide  range  (up  to  120  degrees 
Fahrenheit).  A view  of  the  HSC  test  section  and  control  console 
is  shown  in  Figure  1. 

For  the  two-dimensional  test  carried  out  as  part  of  the  present 
study,  the  HSC  test-section  was  equipped  with  an  aluminum  roof  to 
; eliminate  the  free  surface.  The  forward  part  of  the  roof  was 

^ equipped  with  a smooth  elliptical  transition  section  so  that  smooth 

flow  would  be  obtained  in  the  test  section.  A pitot-static  tube 
was  mounted  upstream  of  the  model  location  to  record  the  flow  ve- 
locity with  the  roof  installed. 

Tne  Planar  Motion  Mechanism  (PMM)  described  in  Reference  3 was 
modified  for  the  present  experimental  investigation.  The  PMM  is 
integral  with  the  HSC  test  section  cover  and  is  normally  used  for 
static  and  dynamic  tests  of  hydrofoils,  submarine  models,  and  other 
marine  vehicles.  These  types  of  models  are  normally  tested  in  the 
vertical  plane  of  motion.  For  the  faired-cable  studies  a mechanism 
was  designed  which  transformed  the  PMM  vertical-plane  motions 
(heaving  and  pitching)  into  horizontal  plane  motions  (swaying  and 
yawing) . 


The  model  was  attached  to  the  modified  PMM  by  means  of  a five- 
component  balance  system  made  up  of  modular  force  gages.  These 
gages  are  described  in  detail  in  Reference  3-  The  electrical  out- 
put  signal  from  this  gage  is  displayed  in  digital  form  by  an 

k 
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FIGURE  1 - TEST  SECTION  AREA  OF  HIGH  SPEED,  FREE  SURFACE  WATER  CHANNEL 


electronic  null-balance  servo  system.  A view  of  the  model,  balance 
system,  HSC  cover  and  PMM  mechanism  is  shown  in  Figure  2. 

The  pure  swaying  and  pure  yawing  tests  (as  defined  in  the  No- 
tation) were  carried  out  using  the  A-3  model  in  two  phases;  namely 
without  a free-surface  and  with  a free  surface  in  the  HSC  test  sec- 
tion. The  various  test  conditions  covered  in  the  present  study 
are  outlined  in  Table  2. 

TABLE  2 


Outline  of  Various  Test  Conditions 


! 

Type  of 

Test 

Pure 

Pure 

Test  Condition 

Test  Variable 

Swaying 

Yawing 

1.  Without  Free 

Speed,  fps 

15.  20 

15.  20 

Surface 

Ambient  pressure 

atmo- 

atmo- 

spheric 

spheric 

Reduced  frequency 
range 

Amplitude  of  oscil- 

0.05-0.37 

0.05-0.37 

lation,  percent 
semi chord 

0.125 

0. 125 

Average  water 
temp,  degrees  F 

85 

85 

2.  With  Free 

Speed,  fps 

15.  20 

15,  20 

Surfa  ce 

Ambient  pressure 

atmo- 

atmo- 

spheric  , 

spheric  . 

a = 0.37 

a = 0.37 

Reduced  frequency 
range 

Amplitude  of  oscil- 

0.05-0.37 

0.05-0.37 

lation,  percent 
semi  chord 

0. 125 

0.125 

Average  water 
temp,  degrees  F 

85 

85 
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(a)  MODEL  ATTACHED  TO  PMM 


(b)  MODEL  AND  FORCE  BALANCE  SYSTEM 


FIGURE  2 - VIEW  OF  MODEL  AND  PLANAR  MOTION  MECHANISM  SYSTEM 
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For  each  type  of  test,  the  speed  in  the  HSC  test  section  was 
kept  constant  and  the  oscillation  frequency  of  the  PMM  was  varied 
over  the  test  range.  The  pure  yawing  and  swaying  motions  were  ob- 
tained by  the  techniques  outlined  in  Reference  4,  The  results 
from  the  dynamic  tests  were  obtained  in  the  form  of  "In-Phase"  andj 
"Out-of-Phase"  components  of  the  lateral  force  and  yawing  moment. 
Tare  tests  were  performed  in  air  to  obtain  the  "model  mass"  and 
moment  of  inertia  corrections. 

REDUCTION,  CORRECTION  AND  PRESENTATION  OF  DATA 

The  results  of  the  pure  swaying  and  pure  yawing  tests  are 
plotted  in  Figures  3 through  10  of  Appendix  A and  B,  respectively, 
as  curves  of  nondimensional  In-Phase  and  Out-of-Phase  lateral  force 
and  yawing  moment  coefficients  versus  the  appropriate  velocity  and 
acceleration  parameters.  In  addition,  results  are  presented  to 
show  the  variations  of  the  resultant  forces  and  moment  coefficients 
due  to  pure  swaying  and  pure  yawing  and  the  phase  angles  between 
these  forces  and  the  imposed  motion  as  a function  of  the  reduced 
frequency  parameter. 

The  results  have  been  corrected  for  the  nonhydrodynamlc  forces 
and  moments  associated  with  the  model  mass  and  the  internal  Tric- 
tlon  of  the  system.  Such  tares  were  determined  experimentally 
from  tests  conducted  in  air.  However,  the  data  are  uncorrected 
for  possible  blockage,  wall  interference,  and  boundary  layer  effects 


I 

I 


{• 


The  data  have  been  reduced  to  coefficient  form  in  accordance  ! 

! 
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With  the  definitions  presented  in  the  Notation  Section. 


DISCUSSION  OF  RESULTS 


f 


A great  deal  of  experimental  and  theoretical  work  has  been 
carried  out  over  the  years  to  predict  aeroelastic  phenomena 
(flutter)  of  airfoils.  Such  theoretical  and  experimental  studies 
as  presented  in  References  5^  6,  and  7 on  oscillating  two-dimen- 
sional airfoil  are  most  inclusive.  A review  and  re-evaluation  of 
work  in  this  field  is  presented  in  Reference  8.  However,  some  of 
the  aerodynamic  data  do  not  necessarily  apply  to  the  case  of  hydro 
foils  or  faired  cables  for  the  following  reasons; 

(a)  The  added  mass  effects  are  much  more  important  to 
oscillating  foilsln  water  than  oscillating  foils  in  air, 

(b)  Cavitation  can  occur  in  water,  producing  a de- 
parture from  normal  flow  patterns,  / 

(c)  Effects  of  the  free  surface  on  the  coefficients 
could  be  an  Important  factor,  and 

(d)  Foils  in  water  generally  operate  at  higher  re- 
duced frequencies  than  foils  in  air. 

The  ability  of  the  designer  to  predict  the  behavior  of  a 
towed  falred-cable-submerged  combination,  strongly  dependent  on 
understanding  and  being  able  to  predict  the  dynamic  coefficients 
of  the  cable  configuration.  One  of  the  main  purposes  of  this 
study  is  to  provide  such  needed  Information  for  computer-simula- 
tion studies. 

The  applicable  theory  of  Reference  5 is  presented  and  com- 
pared with  the  experimental  results  of  the  present  study  as  well 
as  with  the  results  of  Reference  7. 
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Applicable  Theory 


The  two-dimensional  theory  presented  in  Reference  5 may  be 
used  to  calculate  the  lateral  force  and  yawing  moments  per  unit 
span  acting  on  a faired  cable^  moving  with  velocity  U,  which  is 
performing  a simple  harmonic  swaying  and  yawing  oscillation.  The 
equations  presented  in  Reference  5 may  be  expressed  in  the  notation 
of  the  presented  report  as: 


Y 

b 


- Re 


+ a 

0 


(ipU^)C(k) 


(y^  - uf) 

(y^  - u^)  + I (A 


[1] 


N 

b 


Re 


+ a^  (ipU^)C(k)  I (a  + i) 


- U^)  ~ 

(y^  - Hip)  + ~ (i  ~ a)f 


[2] 


where  the  moment  expi'essed  by  Equation  [2]  is  about  a point  a 
distance  (ac/2)  aft  of  the  mid-chord.  Equations  [l]  and  [2]  are 
written  with  respect  to  a fixed  axis  system. 
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To  obtain  the  effect  of  oscillation  frequency  on  the  dynamic 
coefficients  of  a periodically  oscillating  faired  cable,  the  fol- 
lowing substitutions  are  made  In  Equation  [l]  and  [2]  transferring 
from  a fixed  to  a moving  axis  system^ 


V = y^  - 

^ = r 


Equation  Ti]  then  becomes  In  real  form 


a^(ipUo)F(k)  V - pT  jl]  3+2^^^]  V 
+ [a^(^pUc)F(k)  I (a  - |)]  r 

and  for  the  yawing  moment 


•4- 
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In  non-dimensional  form  Equation  [3]  and  [4]  become 
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(Out-of-phase  with  motion) 

(in-phase  with  motion) 
(Out-of-phase  with  motion) 
(in-phase  with  motion) 


Thus,  the  terms  of  Equations  [5]  and  [6]  can  be  separated  into 
quadrature  (out-of-phase)  and  in-phase  components  as  follows: 
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The  variation  of  the  Theodorsen  functions  F(k)  and  G(k)  wit.h 
the  reduced  frequency  parameters  is  presented  in  Table  3. 


Comparison  of  Theory  with  Experimental  Results 

The  comparison  of  the  pure  swaying  data  presented  in  Appenx'x  A 
with  theory^  and  data  from  other  studies’^  indicates  good  agreement 
for  the  atmospheric  two-dimensional  case  at  low  and  moderate  values 
of  the  linear  velocity  parameter.  However,  in  the  case  of  the 
free-surface  conditions  studied  (faired  cable  ventilating  and  cavi- 
tating)  the  theory,  as  expected,  does  not  predict  the  variations 
of  the  force  and  moment  coefficients  with  the  velocity  and  accelera- 
tion parameters.  The  data  from  Reference  7 for  the  two-dimensional 
case  seems  to  indicate  trends  similar  to  those  obtained  in  the  pres- 
ent study.  Also,  Improvements  in  the  agreement  between  theory  and 
experiment  are  obtained  if  the  measured  lift-curve  slope  (obtained 
from  Reference  1 for  the  A-3  faired  cable)  is  used  in  the  theo- 
retical equations  Instead  of  2w. 
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TABLE  3 


Tabulation  of  Theodorsen  Functions 
For  Various  Values  of  the  Reduced 
Frequency  Parameter 


k 

F(k) 

-G(k) 

CD 

0.5000 

0 

0 

10.00 

0.5006 

0.0124 

0.00248 

6.00 

0.5017 

0.0206 

0.00687 

4.00 

0.5037 

0.0305 

0.0153 

3.00 

0.5063 

0.0400 

0.0267 

2.00 

0.5129 

0.0577 

0.0577 

1.50 

0.5210 

0.0736 

0.0981 

1.20 

0.5300 

0.0877 

0. 1461 

1.00 

0.5394 

0.1003 

0.2006 

0.80 

0.5541 

0.1165 

2.9123 

0.66 

0.5699 

0.1308 

0.3903 

0.60 

0.5788 

0.1378 

0.4593 

0.56 

0.5857 

0.1428 

0.51 

0.50 

0.5979 

0.1507 

0.6028 

0.44 

0.6130 

0.1592 

0.7259 

0.40 

0.6250 

0.1650 

0.8250 

0.34 

0.6469 

0.1738 

1 . 0223 

0.30 

0.6650 

0.1793 

1.1953 

0.24 

0.6989 

0.1862 

1.5558 

0.20 

0.7276 

0. 1886 

1.886 

0.16 

0.7628 

0.1876 

2.345 

0.12 

0.8063 

0.1801 

3.0017 

0.10 

0.8320 

0.1723 

3.446 

0.08 

0.8604 

0. 1604 

4.01 

0.06 

0.8920 

0.1426 

4.7533 

0.05 

0.9090 

0.1305 

5.22 

0.04 

0.9267 

0.1160 

5.80 

0.025 

0.9545 

0.0872 

6.976 

0.01 

0.9824 

0.0482 

9.64 

0 

1.000 

0 

The  force  and  moment  coefficients  presented  in  Figure  4 are 
a measure  of  the  added  mass  and  associated  moments  about  the  ref- 
erence point  (a  = - 1/4).  The  measurements  show  a large  negative 
added  mass.  The  agreement  with  theory  is  poor.  A similar  trend 
was  obtained  from  the  studies  presented  in  Reference  7. 

The  resultant  force  coefficient  presented  in  Figure  5 Is  in 
excellent  agreement  with  both  theory  and  results  of  Reference  . 
This  is  to  be  expected  because  the  out-of-phase  component  pre- 
dominates. However,  as  shown  in  Figure  6,  the  measured  phase 
angle  between  the  motion  and  the  resultant  force  is  some  20  de- 
grees lower  then  predicted  by  theory.  Similar  results  have  been 
postulating  by  other  investigators®  in  order  to  obtain  good  corre- 
lation with  flutter  results. 

The  pure  yawing  results  are  believed  to  be  unique,  in  that 
all  other  investigators  have  obtained  data  on  airfoils  and  hydro- 
foils performing  combined  motions  (swaying  and  yawing).  This  did 
not  permit  a true  evaluation  of  the  separate  effects  of  angular 
velocity  and  acceleration  on  the  force  and  moment  coefficients. 

The  results  presented  in  Appendix  B shows  that  the  agreement  be- 
tween the  yawing  results  and  the  modified  theory  is  in  general 
fair.  The  effects  of  ventilation  and  cavitation  in  some  cases 
are  quite  marked.  For  the  atmospheric,  two-dimensional  case,  the 
results  presented  in  Figure  9 indicates  that  the  theory  can  pre- 
dict the  resultant  force  reasonably  well.  However,  the  theory 
does  not  accurately  predict  the  phase  angles  at  low  values  of  re- 
duced frequency. 
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CONCLUDING  REMARKS 

Dynamic  coefficients,  determined  from  tests  of  a simulated, 
unswept, faired  cable  having  an  NACA  63AO2O  section  are  presented 
and  compared  with  existing  theory  and  other  experimental  results. 
Based  on  these  comparisons,  the  following  concluding  remarks  can 
be  made  regarding  the  applicability  of  the  existing  theory  and  the 
need  for  additional  experimental  results. 

In  general,  it  appears  that  the  existing  thln-airfoll  theory 
cannot  be  relied  upon  to  estimate  the  forces,  moments  and  phase 
angle  information  required  for  accurate  motion  predictions.  The 
effects  of  ventilation  and  cavitation  further  compound  the  dis- 
crepancies between  experiment  and  theory. 

The  results  of  the  present  study  were  obtained  using  a rigid 
model.  It  can  be  expected  that  moderately  different  results  would 
be  obtained  if  the  model  had  a greater  degree  of  flexibility 
(similar  to  actual  faired  cable).  Pending  the  development  of  im- 
proved theories  which  would  account  for  the  effects  of  thickness, 
flexibility,  ventilation  and  cavitation,  reliance  should  be  placed 
on  carefully  conducted  experimental  programs.  A similar  con- 
clusion has  been  reached  by  many  investigators  in  an  allied  area; 
namely,  the  prediction  of  hydrofoil  flutter. 


APPENDIX  A 

RESULTS  OBTAINED  FROM  PURE-SWAYING  TESTS 
(Figures  3-6) 
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FIGURE  3 - VARIATION  OF  THE  AMPLITUDES  OF  THE  QUADRATURE  COMPONENTS 
OF  LATERAL  FORCE  AND  YAWING  MOMENT  COEFFICIENTS  WITH  THE 
LINEAR  VELOCITY  PARAMETER 
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FIGURE  4 - VARIATION  OF  THE  AMPLITUDES  OF  THE  IN-PHASE  COMPONENTS  OF 
THE  LATERAL  FORCE  AND  YAWING  MOMENT  COEFFICIENTS  WITH  THE 
LINEAR  ACCELERATION  PARAMETER 
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FIGURE  5 - VARIATION  OF  THE  RESULTANT  LATERAL  FORCE  AND  YAWING  MOMENT 
COEFFICIENTS  DUE  TO  PURE  SWAYING  WITH  THE  REDUCED  FREQUENCY 
PARAMETER 
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FIGURE  6 - VARIATION  OF  THE  PHASE  ANGLE  BETWEEN  THE  RESUL  TANT  L ATERAL 
FORCE  AND  YAWING  MOMENT  DUE  TO  PURE  SWAYING  AND  THF 
LATERAL  DISPLACEMENT  WITH  THE  REDUCED  FREQUENCY  PARAMETER 
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APPENDIX  B 

RESULTS  OBTAINED  FROM  PURE-YAWING  TESTS 
(Figures  7 - lo) 
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FIGURE  7 - VARIATION  OF  THE  AMPLITUDES  OF  THE  QUADRATURE  COMPONENTS 
OF  LATERAL  FORCE  AND  YAWING  MOMENT  COEFRCIENTS  WITH  THE 
ANGULAR  VELOCITY  PARAMETER 
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FIGURE  8 - VARIATION  OF  THE  AMPLITUDES  OF  THE  IN-PHASE  COMPONENTS  OF 
LATERAL  FORCE  AND  YAWING  MOMENT  COEFFICIENTS  WITH  THE 
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i FIGURE  9 - VARIATION  OF  THE  RESULTANT  LATERAL  FORCE  AND  YAWING  MOMENT 

COEFFICIENTS  DUE  TO  PURE  YAWING  WITH  THE  REDUCED  FREQUENCY 
■ PARAMETER 
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FIGURE  10  - VARIATION  OF  THE  PHASE  ANGLE  BETWEEN  THE  RESULTANT  LATERAL 
FORCE  AND  YAWING  MOMENT  DUE  TO  PURE  YAWING  AND  THE 
ANGULAR  DISPLACEMENT  WITH  THE  REDUCED  FREQUENCY  PARAMETER 
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Matthews.-  May  1956 

3.2.3  David  Taylor  Model  Basin  Rept  C-855.  Wind-Tunnel  Tests  of 

Two-Dimensional  Faired  Cables,  Part  1 - Four  Cables  at  Low 


Reynolds  Numbers,  by  J.T.  Matthews.  July  57 

3.2.4  David  Taylor  Model  Basin  Rept  C-920,  Evaluation  of  USNUSL 

Sectional  Fairing,  by  F.W.  Johnson  and  T.  Gibbons.  Feb  58 

3.2.5  David  Taylor  Model  Basin  Report  C-981  (AERO  921,  Part  II) 

Wind-Tunnel  Tests  of  Two-Dimensional  Faired  Cables.  Part  II  - 


Additional  Tests  at  Higher  Reynolds  Numbers,  by  R.  L.  Velebny, 
CONFIDENTIAL,  August  1958 

3.2.6  David  Taylor  Model  Basin  Rept  C-1012,  The  Evaluation  of  the  GAC 

Fiberglas  Sonar  Cable  Fairing,  by  T.  Gibbons.  Nov  58 

3.2.7  David  Taylor  Model  Basin  Report  C-1015,  Evaluation  of  Six  Types 

of  Cable-Fairing  for  the  Ship-Towed  Sonar  Program,  by  J. 
Nelligan  and  T.  Gibbons,  December  1958 

3.2.8  David  Taylor  Model  Basin  Hydromechanics  Lab,  Rept  155-H-Ol 

Experimental  determination  of  the  Hydrodynamic  Loading 
Functions  for  a Special  Faired  Towcable,  by  T.  Gibbons,  and 
D.  Gray.  Hay  66 
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3.2.9 


3.2.10 

3.2.11 

3.2.12 

3.2.13 

3.2.14 

3.2.15 


3.3  STATIC 

3.3.1 

3.3.2 

3.3.3 

3.3.4 

3.3.5 

3.3.6 


David  Taylor  Model  Basin.  Hydromechanics  Lab.  Rept  173-H-Ol 
Drag  Characteristics  of  a Sys teiiiatic  Series  of  Trail  inq- 
Type  Cable  Fairing  (DTMB  sWies  B),  by  J.P.  Ramsey  and 
T.  Gibbons.  Aug  b6 

Great  Britain.  Admiralty  Experiment  Labs.  Rept  1/57 
Variable  Depth  ASDIC;  the  Resistance  and  Lift  of  Cable 
Fairing  When  Inclined  to  Direction  of  Flow.  SECRET  Jan  57 

Great  Britain.  Admiralty  Experiment  Works  Rept  31/58 

Variable  Depth  ASDIC.  Resistance  and  Lift  of  Cable  Fairing 
When  Inclined  to  Direction  of  Flow.  SECRET  July  58 

Great  Britain.  Admiralty  Experiment  Works  Rept  31/59 

Variable  Depth  ASDIC  Resistance  and  Lift  of  Modified  Cable 
Fairing  When  Inclined  to  Direction  of  Flow.  SECRET  Aug  59 

Great  Britain  Aeronautical  Research  Council  R&M  599 
The  Resistance  of  Inclined  Struts,  by  C.H. Powell,  Mar  1919 

Pennsylvania  State  Univ.  ORL  Serial  UOrd  16598-16 
Water-Tunnel  Tests  of  Cable  Fairings  and  Faired  Cables, 
by  G.  L.  Calehuff.  10  Jan  57  CONFIDENTIAL 

Pennsylvania  State  University  Ordnance  Research  Laboratory 
Technical  Memorandum  21.3361-28,  Water  Tunnel  Tests  of 
Goodyear  Cable  Fairings,  March  1957,  by  A.F.  Lehman 
CONFIDENTIAL  8 May  1957 

CONFIGURATION  ANALYSIS 


Canada.  Naval  Research  Est. , Dartmouth  Report  PHx-103 
The  Configuration  of  a Cable  Towing  a Heavy  Submerged  Body 
from  a Surface  Vessel,  by  M.  C.  Fames.  Nov  1956 

Canada.  Naval  Research  Est.,  Dartmouth,  Technical  Memorandum 
57/10,  Influence  of  Cable  Drag  and  Body.  Weight  on  the 
Depth  and  Speed  of  the  Trilby  Towed  Sonar,  by  M.  C.  Eames 

Canada.  Naval  Research  Est.,  Dartmouth  TN  FM/66/9  Design 
Curves  for  Optimum  Towing  at  High  Speed,  by  C.L.  Gaul, 
and  M.  C.  Eames.  Sep  66 

Canada.  Naval  Research  Est.,  Dartmouth  TN  Math  66/1 
Configuration  of  a Cable  Towing  a Submerged  Body,  by  C.M. 
Mihoff.  Mar  66 

David  Taylor  Model  Basin  Report  No.  422  The  Tension  in  a Loop 
of  Cable  Towed  Through  a Fluid,  by  J.G.  Thews  and  L.  Landweber. 
June  1936 

David  Taylor  Model  Basin  Report  No.  533  Shape  and  Tension  of  a 
Light,  Flexible  Cable  in  a Uniform  Current,  by  L.  Landweber 
and  M.  H.  Protter.  October  1944 
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3.3.7  David  Taylor  Model  Basin  Report  687.  Tables  for  Computing 

the  Equilibrium  Configuration  of  a Flexible  Cable  in  a 
Uniform  Stream,  by  L.  Pode,  March  1951 

3.3.8  David  Taylor  Model  Basin  Report  687,  Supplement.  Cable  Func- 

tion Tables  for  Small  Critical  Angles,  by  L.  Pode,  Sept  1955 

3.3.9  David  Taylor  Model  Basin  Report  717,  A Method  of  Determining 

Optimum  Lengths  of  Towing  Cables,  by  L.  Pode,  April  1950 
Appendix  1,  March  1956 

3.3.10  David  Taylor  Model  Basin  Report  1806.  A FORTRAN  Program  for 

the  Calculation  of  the  Equilibrium  Configuration  of  a Flex- 
ible Cable  in  a Uniform  Stream,  by  E.  H.  Cuthill,  March  1964 

3.3.11  David  Taylor  Model  Basin  Report  C-919.  The  Towing  Configuration 

of  the  AiySQS-17  Sonar  System,  by  C.  D.  Walton,  February  1958 

3.3.12  David  Taylor  Model  Basin  Report  R-33.  Tension  in  a Cable 

Towing  a Heavy  Weight  Through  A Fluid,  March  1941 

3.3.13  David  Taylor  Model  Basin  Report  R-37.  Orientation  and  Position 

of  a Heavy  Body  Suspended  in  a Uniform  Current  by  a Flexible 
Cable,  August  1941 

3.3.14  David  Taylor  Model  Basin.  Hydromechanics  Lab.  Rept  155-H-Ol 

Experimental  Determination  of  the  Hydrodynamic  Loading  Func- 
tions for  a Special  Faired  Towcable,  by  T.  Gibbons,  and 
U.  Gray.  May  66 

3.3.15  David  Taylor  Model  Basin.  Hydromechanics  Lab.  Rept.  C-069-H-01 

Feasibility  Stuuy  of  the  Hydromechanic  Aspects  of  an  Interim 
Towed  Sonar  System  for  Hydrofoil  Craft,  by  P.  K.  Spangler 
May  1965 

3.3.16  Edo  Corp.  Report  5709.  The  Steady,  Rectilinear  Towing  of  a 

Weightless  Hydrofoil -Cable  System  in  a Won-uniform  St^>'am 
by  P.  A.  Pepper  and  J.  Streich.  26  Jan  1962 

3.3.17  Edo  Corp.  Report  5741.  The  Equilibrium  Configuration  of  a 

Towed  Hydrofoi 1 -Strut  System  in  Two-Dimensional  Steady  Turns, 
by  P.  A.  Pepper  and  J.  Streich.  13  Apr  1962 

3.3.18  Edo  Corp.  Report  5822.  The  Equilibrium  Configuration  of  a 

Towed  Hydrofoil -Cable  System  in  Two-Dimensional  Steady  Turns, 
by  P.  A.  Pepper.  10  Jan  1964 

3.3.19  Great  Britain.  Admiralty  Experiment  Works.  Report  10/51 

AME  Cable  Fairing;  Optimum  Position  of  Cable,  by  L.  J.  Brooks, 
March  1953 
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3.3.20  Great  Britain  Aeronautical  Research  Council  R&M  1592.  The 

Foi^  of  a Heavy  Flexible  Cable  Used  for  Towing  a Heavy  Body 
Below  an  Aeroplane,  by  H.  G1 avert,  February  1934 

3.3.21  riydrospace  Research  Corporation  Report  102.  Hydrodynamic  Design 

of  a Maneuverable  Hydrophone  Line  Array,  by  J.  J.  Nelligan 
CONFIDENTIAL  6 January  1963 

3.3.22  Hydrospace  Research  Corp.  Rept  119.  Investigation  of  Hydrodyna- 

mic  Loading  on  Faired  Towline,  by  S.  M.  Gay,  A.  Brisband  and 
(others)  CONFIDENTIAL  17  June  64 

3.3.23  Kirkby,  J.  M.  and  Stanley,  T.  J.,  Configuration  and  Tension  of 

Cable  for  Towing  Underwater  Bodies",  Royal  Naval  Scientific 
Service  Journal  V.  12,  p.  198-213  ^CONFIDENTIAL  September  1957 

3.3.24  Quick,  Stanley  L.,  The  Shape  and  Tension  of  Cables  in  a Uniform 

Stream,  (Ph.D.  Thesis,  Polytechnic  Institute  of  Brooklyn),  1962 

3.3.25  Rutgers  University  Contract  N70024-1366,  Equilibrium  and  Dynamic 

Motion  of  a Towline  and  a Towed  Body,  by  S.  P.  Reyle  and 
J.  W.  Schram  June  1%6 

3.3.26  Sandia  Corp  Report  SC-4219(TR).  A Method  for  Determining  the 

Position  of  a Towed  Vehicle  witF  Respect  to  the  Towing  Aii^ 
craft,  by  M.  T.  Kane  and  F.  G.  Blottner.  August  1958 

3.3.27  United  Aircraft  Corp  Report  B 110128-1.  Extension  of  Underwater 

Towing  Cable  Theory  to  High  Speeds,  by  J.  W.  Clark,  Sept  1963 

3.3.28  Underwater  Sound  Lab  TM  933-0175-64.  Towline  Configuration  and 

Forces , by  K.  T.  Patton,  CONFIDENTIAL  26  Oct  64 

3.3.29  Underwater  Sound  Lab  Technical  Memorandum  933-257-64.  Derivation 

of  Equations  for  Maximum  VUS  Towline  Tensions  Under  Dynamic 
Conditions,  by  J.  R.  Sol  in.  19  Aug  1964 

3.3.30  Whicker,  L.  F.  The  Oscillatory  Motion  of  Cable-Towed  Bodies, 

(Ph.D.  Thesis,  University  of  Cal i fornia ) , 1957 


3.4  FI  utter 

3.4.1  Boeing  Company  Report  D2-1 33006-1.  Tests  and  Investigations  of 

a High  Speed  Towed  Sonar  Cable;  Final  Report  June  1966 

3.4.2  Canada.  Engineering  Research  Assoc.  Report  56-1.  Dynamics  of 

Towed  Underwater  Systems  Part  1 Stability  of  the  System, 
by  J.  R.  Richardson  Apr  65 

3.4.3  Kaman  Aircraft  Corp.  Report  G-69.  Dynamic  Characteristics  of 

Streamlined  and  circular  cables;  Interim  Engineering  Report. 
12  Aug  1954 
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3.4.4  North  American  Aviation  SID  65-1279,  1 thru  4;  Final  Report 

High-Speed  Towing  Cable  Development  (Phase  I-II,  Volumes  1-4) 
CONFIDENTIAL  29  October  1965 


3.5  Divergence 


3.5.1  North  American  Aviation  SID  65-1279,  1 thru  4;  Final  Report 

High-Speed  Towing  Cable  Development  (Phase  I-II,  Volumes  1-4) 
CONFIDENTIAL  29  October  1^65 

3.5.2  Naval  Underwater  Weapons  Research  and  Engineering  Station 

TM  366.  Analytical  Investigation  of  Faired  Cable  Performance 
in  a Tethered  System,  by  A.  R.  Lagasse.  July  66 
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SESSION  III.  Faired  Cable  Hydrodynamics 


1)  It  was  pointed  out  that  the  method  of  analysis  presented  in  Mr.  Calkin's 
paper  neglected  the  effects  of  cable  curvature  on  the  generation  of  the 
hydrodynamic  forces.  The  analysis  assumed  that  the  forces  on  a segment 
of  the  towline  are  independent  of  their  position  along  the  catenary. 

The  validity  of  the  assumption  of  superposition  of  the  normal  and  tangential 
flows,  on  which  the  analysis  was  based,  was  also  questioned.  Mr.  Calkins 
explained  that  the  assumption  had  been  validated  initially  by  theoretical 
analysis  and  subsequently  had  been  substantiated  by  experimental  wind  tunnel 
investigations.  It  was  found  that  for  the  assumptions  made  concerning  the 
type  of  flow,  i.e.,  fully  attached  laminar  or  turbulent  flow,  the  method  of 
superposition  could  be  used  to  predict  the  forces  on  a three-dimensional 
swept  wing  (towline). 

2)  Use  of  a surface  plate  at  the  air/water  interface  to  eliminate  the  towline 
ventilation  cavity  was  questioned.  Dr.  Whicker  stated  that  the  use  of  the 
surface  plate  eliminated  the  cavity  with  no  effect  on  the  cable  surface  angle. 
However,  he  pointed  out,  there  were  large  increases  In  the  towline  tension, 
and  the  surface  plate  was  discarded  as  a consequence. 

Dr.  Whicker  was  asked  whether  or  not  the  derived  loading  functions  from  the 
test  data  were  used  to  compute  the  tension  and  depth  so  that  a comparison  with 
the  measured  values  could  be  made.  He  replied  that  this  had  not  been  done  as 
yet. 

A question  was  asked  on  the  type  of  boundary  layer  that  would  be  expected  at 
the  test  Reynolds  number.  Dr.  Whicker  felt  that  at  the  speeds  at  which  the 
tests  were  conducted  (20  knots)  it  was  expected  that  the  boundary  layer  would 
be  fully  turbulent.  This  would  be  due  to  both  the  surface  condition  of  the 
towline,  and  the  type  used  - that  is,  a cable  with  clips  and  other  components 
that  would  tend  to  trip  the  boundary  layer  at  the  cable  leading  edge. 

3)  Mr.  Folb  commented  that  three-dimensional  surface  effects  were  accounted  for 
in  fairing  model  tests  on  the  fairing  dynamometer  by  varying  the  submergence 
of  the  model  and  plotting  the  measured  forces  as  a function  of  depth.  As 
these  plots  became  linear,  they  were  extrapolated  to  zero  depths  so  that  the 
amount  that  remains  is  the  so-called  free  surface  or  wave-making  force.  This 
free-surface  force  is  then  subtracted  from  the  total  force.  The  force  curve, 
Mr.  Folb  explained,  becomes  linear  after  a depth  of  approximately  one  chord 
is  exceeded. 

4)  Mr.  Gibbons  summarized  his  sea  trials  as  follows: 

a.  The  depressor  used  in  the  tests  weighs  approximately  150  pounds  in  water. 

b.  Speed  was  measured  with  the  DTMB  knot  meter,  which  is  accurate  down  to 
0.2  knots. 


c.  The  tests  were  conducted  under  zero  sea  state  conditions. 

d.  Monitored  during  the  tests  were  the  pitch  and  roll  of  the  body,  the  tow- 
line  angle  at  the  body  and  at  the  craft,  towline  tension  at  the  body  and 
the  tow  craft,  and  speed. 

A model  of  the  cable  used  in  the  sea  trials  was  tested  on  the  fairing  dynamo- 
meter to  measure  the  normal  and  tangential  loads  over  the  same  Reynold's 
Numbers  as  were  run  in  the  trials.  The  results  of  the  correlation  between 
this  and  the  sea  trial  data  will  be  released  at  a later  date. 

5.  Mr.  Goodman  was  asked  about  the  dependence  of  the  test  results  on  the  ampli- 
tude of  the  disturbance.  He  answered  that  although  amplitude  was  not  varied 
in  the  series  of  tests  performed,  the  test  data  of  Hafner  seemed  to  indicate 
that  there  was  no  marked  effect  from  amplitude. 

Mr.  Goodman  was  also  asked  whether  any  discernible  bending  of  the  models 
existed  during  the  tests.  He  replied  that  these  models  were  constructed  of 
stainless  steel,  and  that  essentially  no  deflection  took  place.  He  also 
pointed  out  that  the  tests  were  conducted  on  essentially  rigid  sections  so 
that  the  results  would  be  applicable  to  the  type  of  faired  towline  exemplified 
by  the  North  American  design.  The  probability  of  extending  these  data  to  an 
analysis  of  the  flexible  Boeing  type  seems  remote  at  this  time,  although  the 
possibility  of  testing  a flexible  model  in  the  channel  was  discussed. 
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SESSION  4 

Towed  System  Sea  Trial  Evaluation 


Mr.  C.  N.  Miller 

Navy  Electronics  Laboratory 


High  Speed  Towing  Tests  of  the  Boeinc 
North  American  Towlines 


HIGH  SPEED  TOWING  TESTS 
OF  THE  BOEING  AND  NORTH  AMERICAN  TOWLINES 


by  Charles  N.  Miller 
Co-Host 

Navy  Electronics  Laboratory 
San  Diego,  California 


ABSTRACT 

Under  separate  contracts  with  the  Navy  Electronics  Laboratory,  the  Boeing  Company 
and  North  American  Aviation  produced  short  lengths  of  experimental  faired  towline. 
Towing  tests  in  Lake  Washington,  Seattle,  using  an  instrumented,  winged  depressor, 
verified  the  predicted  frontal  area  towline  drag  coefficients,  0.05  and  0.06  re- 
spectively, within  the  limits  of  experimental  error,  to  a maximum  speed  slightly 
greater  than  40  knots. 


DESCRIPTION  OF  THE  TOWLINES 
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lbs  ultimate  strength  was  produced,  since  with  the  specified  safety  margins,  this 
was  conservative  for  the  anticipated  loads  during  the  Lake  Washington  towing  tests. 
Thirty-two  and  116  foot  sections  were  produced  for  the  towing  tests.  Additionally, 
a number  of  shorter  samples  were  produced  for  fatigue,  strength,  flexure,  and 
environmental  testing. 

2 

The  North  American  towline: 


This  towline  is  an  articulated  assembly  consisting  of  rigid,  steel  links,  four 
feet  long.  The  shape  is  an  NACA  0020  section,  of  1.80  inch  chord,  and  0.36  inch 
thickness,  fig.  1.  The  forward  portion  is  the  tension  member  and  is  machined 
from  17-4  PH  stainless  steel.  The  after  portion  is  a polypropylene  extrusion. 

Two  coaxial  cables  are  housed  in  the  central  cavity  formed  at  the  junction  between 
the  fairing  and  strength  member.  The  links  are  connected  with  pin  joints  which 
provide  freedom  of  chord  plane  motion  still  retaining  stiffness  in  torsion,  and 
for  bending  normal  to  the  chord  plane.  The  design  ultimate  strength  of  25,000  lbs 
was  verified  by  Laboratory  tests.  Since  the  center  of  tension  is  aft  of  the  hy- 
drodynamic center,  the  towline  is  statically  unstable.  Stability  was  assured  by 
adding  plastic  vanes  to  every  other  joint.  Fig.  2.  As  with  the  Boeing  contract, 
North  American  provided  32  and  116  foot  lengths  for  tow  testing  as  well  as  addi- 
tional samples  to  verify  the  design  fatigue  and  tensile  strength. 


TEST  SITE 

The  towing  tests  were  conducted  by  Boeing  at  two  locations  on  Lake  Washington, 

Fig.  3.  The  land  base  for  the  operation  was  the  Boeing  factory  at  Renton,  at  the 
extreme  southern  end  of  the  lake.  This  was  conveniently  located  only  a few  hundred 
yards  from  the  shallow  water  range,  used  during  towing  tests  of  the  thirty-two  foot 
Boeing  towline.  The  116  foot  Boeing  towline  and  both  North  American  towlines  were 
tested  about  five  miles  north  of  the  Renton  base  in  water  about  150  feet  deep.  An 
anchored  barge  adjacent  to  the  midpoint  of  the  straight  line  section  of  the  test 
course  was  headquarters  for  operational  control  for  these  tests.  Data  sensed  on 
the  towing  craft  was  radioed  to  the  control  barge  and  displayed  on  a multichannel 
graphic  recorder  for  use  by  the  test  supervisor.  The  same  data  was  also  received 
by  radios  on  a data  van  on  the  closest  spot  on  the  lake  shore,  and  tape  recorded 
for  subsequent  analysis.  In  addition  to  serving  as  a floating  basing  point, for 
operational  control  of  the  tests,  and  providing  logistics  support  for  the  towing 
craft,  the  barge  also  supported  a vertical  array  of  eight  line  hydrophone  which 
was  employed  to  obtain  radiated  acoustic  noise  data  from  the  tow  craft,  towline, 
and  depressor.  The  directivity  and  spacing  of  the  line  hydrophones  permitted  dis- 
crimination between  these  separate  sources.  Representatives  of  NEL  were  present 
during  all  of  the  tests,  and  North  American  engineers  were  on  the  site  when  their 
towline  was  being  handled  or  towed. 
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TOWING  CRAFT  AND  DEPRESSOR 


Finding  a vehicle  suitable  for  tow  testing  of  these  developmental  towlines  proved 
to  be  somewhat  of  a problem.  The  goal  was  to  tow  the  116  foot  lengths  to  a maxi- 
mum speed  of  45  knots  through  a range  of  depression  angles  from  40  to  70  degrees. 
(The  depression  angle  is  defined  as  the  angle  between  a longitudinal  horizontal 
through  the  tow  point,  and  a line  from  the  tow  point  through  the  towed  depressor.) 
The  most  promi^^ing  craft  for  this  job  was  Boeing's  Hydrodynamic  Test  System,  (HTS). 
HTS  is  a hydroplane  powered  by  a J-48  jet  engine.^  Fig.  4.  Her  top  speed  is 
greater  than  80  knots,  and  at  a speed  of  45  knots,  she  has  excess  thrust  of  about 
3500  lbs.  Fig.  4 shows  a structure  in  the  open  space  between  the  pilot's  and 
copilots  stations.  This  is  a force  balance  and  is  used  to  support  foil  and  strut 
test  specimens  in  the  hydrodynamic  testing  program  for  which  HTS  was  originally 
built.  To  reduce  the  gross  weight  and  facilitate  towline  handling,  this  structure 
was  temporarily  removed. 

The  tow  point  is  approximately  amidship  and  on  the  centerline,  requiring  the  use 
of  scuba  divers  for  cable  attachment.  The  basic  configuration  of  the  depressor  is 
shown  in  Fig.  5.  The  wing,  tail,  and  horizontal  stabilizer  are  made  of  steel. 

The  effective  depressor  downward  lift  can  be  remotely  controlled  from  the  tow 
craft  by  adjusting  the  angle  of  the  horizontal  stabilizer  over  a range  of  10  de- 
grees. The  main  body  is  a hollow  metal  structure  and  houses  the  instrumentation 
and  controls.  The  cavity  is  pressurized  to  100  psi  with  dry  helium  to  reduce  the 
chance  of  water  entry.  A trailing  recovery  float  is  attached  at  the  end  of  a 
250  foot  steel  cable.  This  cable  was  normally  kept  under  slight  tension  whenever 
HTS  was  docked  along  side  the  barge  to  prevent  inadvertent  rotation  of  the  depres- 
sor relative  to  HTS. 

Since  the  towline  strength  member  and  the  fairing  are  integral  for  both  designs, 
a twist  in  the  strength  member  would  produce  a non  zero  angle  of  attack  of  the 
fairing  and  a resulting  side  force.  North  American  engineers  pointed  out  that 
the  Boeing  proposed,  Hooke's  joint  between  the  depressor  and  tlie  towline  would 
cause  the  fairing  to  assume  a destabilizing  angle  of  attack  whenever  the  towline 
was  deflected  out  of  the  vertical  plane  in  the  direction  of  the  tow  craft  motion. 

It  was  North  American's  suggestion  that  the  depressor  and  towline  be  decoupled  in 
yaw  by  the  addition  of  a swivel  at  the  point  of  attachment.  As  an  alternate,  and 
partial  solution,  Boeing  recommended  canting  the  roll  axis.  Fig.  6,  which  would 
result  in  a stabilizing  force  for  all  side  deflections  so  long  as  the  forward  tilt 
of  the  towline  never  exceeded  the  angle  which  would  result  in  the  roll  axis  being 
tilted  down  forward.  This  expedient  was  adopted  and  the  towing  tests  were  con- 
ducted with  the  roll  axis  inclined  30  degrees  from  the  normal  chord  line. 


INSTRUMENTATION 

The  purpose  of  the  towing  tests  was  to  verify  the  predicted  stability  limits, 
forces,  towline  configuration,  and  radiated  acoustic  noise.  To  achieve  this, 
appropriate  sensors  were  located  in  the  depressor,  HTS,  and  the  barge.  Fig.  7. 

In  the  interest  of  safety  the  pilot  of  HTS  was  provided  with  a cable  tension  read 
out.  Other  significant  measurands  were  continuously  monitored  on  the  barge.  Per- 
manent magnetic  tape  recordings  of  all  data  except  for  radiated  noise  were  made  in 
the  shore  based  data  van.  The  acoustic  noise  data  were  recorded  on  magnetic  tape 
on  the  barge.  Table  I identifies  the  variables  which  were  measured.  Except  for 
the  measurement  of  depressor  location  relative  to  HTS  all  of  the  sensors  were 
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conventional  and  were  employed  in  a normal  fashion.  Depressor  position  was  de- 
termined acoustically  by  a system  of  tri-lateration.  Fig.  8.  Two  hundred  and 
fifty  kHz  pulses  at  a repetition  rate  of  35  pulses  per  second  were  transmitted 
from  the  depressor  and  received  at  two  hydrophones  on  HTS,  one  located  on  the 
outboard  edge  of  each  sponson.  The  horizontal  separation  of  the  two  receivers 
was  15  feet.  By  measurement  of  the  mean  transit  time  of  the  pulses  from  the 
depressor  to  HTS,  the  slant  range  could  be  determined.  This  information,  coupled 
with  measurement  of  the  time  difference  of  arrival  of  the  same  pulse  at  the  two 
receivers,  permitted  determination  of  the  cross  trail  of  the  depressor.  The  com- 
putations were  made  automatically  by  an  analog  computer  and  displayed  graphically 
on  the  barge,  and  recorded  in  the  data  van.  Certain  limitations  of  this  system 
should  be  pointed  out.  Due  to  self-noise  of  HTS  and  the  low  acoustic  output  of 
the  source,  the  system  functioned  to  a maximum  speed  of  35  knots  with  the  32  foot 
towline,  and  to  only  15  knots  with  the  116  foot  towline.  The  estimated  accuracy 
of  crosstail  determination  was  + 2 feet  for  the  116  foot  towline,  with  propor- 
tionately greater  accuracy  for  the  shorter  towline.  The  system  is  of  course 
sensitive  to  both  yaw  and  roll  of  HTS.  Since  the  tests  were  conducted  in  the 
relatively  calm  waters  of  a lake,  the  unsteady  motion  of  HTS  had  a negligible 
effect  on  the  system's  performance.  However,  it  should  be  pointed  out  that  scien- 
tists at  the  Defense  Research  Laboratory,  University  of  Texas,  working  with  U.S. 
Navy  support,  have  been  pursuing  the  development  of  similar  equipment  for  the  lo- 
cation of  VDS  bodies  towed  from  ships  at  sea.  In  DRL's  case,  compensation  for  the 
complex  translational  and  rotational  motions  of  the  towing  ship  must  be  made,  and 
are  in  fact,  the  major  part  of  the  technical  problem.^ 

Since  the  towline  contained  only  two  coaxial  cables,  and  there  were  some  eleven 
variables  to  be  sensed  at  the  depressor,  the  data  was  multiplexed.  The  most  con- 
venient method,  and  one  previously  developed  and  currently  employed  by  Boeing  in 
their  work  for  the  U.S.  Navy  on  FRESH  I,  an  experimental , jet  powered,  twin  hulled 
hydrofoil,  was  frequency  multiplexing,  using  an  IRIG  standard.  The  data  were 
radioed  from  HTS  to  the  barge  for  "quick  look"  monitoring,  and  to  the  shore  data 
van  for  permanent  recording,  as  mentioned  above.  Radiated  underwater  acoustic 
noise  was  measured  for  the  long  sections  of  the  Boeing  and  North  American  towl i nes , 
using  an  array  of  eight  line  hydrophones  suspended  vertically  below  the  barge. ^ 

The  hydrophones  were  spaced  approximately  twelve  feet  apart  so  that  the  upper  hydro 
phones  "saw"  HTS,  and  the  lower  ones  "saw"  the  depressor.  Band  pass  filters  re- 
stricted the  recorded  energy  to  the  band  from  10  to  30  kHz.  At  the  lower  and 
upper  frequency  limits,  the  total  beamwidths  of  the  hydrophones  to  the  3dB  points 
were  11  and  3 degrees  respectively. 

Determination  of  the  apparent  source  strength  of  the  towlines  required  knowledge 
of  the  range  from  the  hydrophone  string  during  the  recording  interval.  This  was 
done  with  an  optical  ranging  system  which  worked  as  follows:  A surveying  transit 

was  modified  to  provide  switching  information  at  these  predetermined  positions. 

The  three  switches  were  positioned  in  a horizontal  plane  45  degrees  apart,  as 
shown,  in  Fig.  9.  HTS  was  manually  tracked  by  this  transit  throughout  the  run. 

The  time  duration  within  the  sight  lines  A to  B and  B to  C were  recorded  on  separ- 
ate electronic  counters.  A graph  was  prepared  from  which  the  distance  of  HTS, 
measured  perpendicular  to  the  barge  was  obtained.  It  was  assumed  that  HTS  velocity 
was  constant  during  attainment  of  optical  ranging  data.  It  was  not  necessary  for 
the  HTS  track  to  be  parallel  to  the  edge  of  the  barge,  since  the  track  position 
is  uniquely  determined  from  the  two  interval  measurements  if  the  assumption  of 
constant  velocity  is  satisfied. 
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TEST  PLAN 

For  each  day's  operation,  a test  plan  was  prepared  setting  forth  the  specific  con- 
ditions under  which  data  were  to  be  recorded,  each  test  condition  was  numbered  as 
an  event.  For  each  towline  tested,  data  acquisition  was  planned  for  each  of  the 
nominal  speeds  and  depressor  stabilizer  settings  of  the  event  matrix  shown  in 
Fig.  10.  Intermediate  data  points  were  to  be  added  at  nominal  speeds  of  10,  20, 

30,  and  40  knots  for  certain  tests. 

As  soon  as  possible  after  the  towline  test  commenced  on  each  test  day,  the  be- 
havior of  the  towline  was  observed  at  idle  speed  of  HTS  and  with  the  depressor 
stabilized  at  +4°.  Under  this  reference  test  condition,  a careful  check  was  made 
for  possible  towline  installation  and  and  instrumentation  errors.  With  the  hori- 
zontal stabilizer  set  at  +4°  (maximum  down  force)  HTS  was  accelerated  slowly  to 
5 knots  and  the  speed  and  course  stabilized  for  a minimum  of  15  seconds.  During 
this  period,  data  were  recorded.  Upon  satisfactorily  completing  the  5 knots,  +4° 
event,  HTS  slowly  accelerated  to  the  next  test  event  and  stabilized  as  before. 
Whenever  one  of  the  monitored  towline  or  depressor  parameters  exceeded  the  limits 
set  in  the  daily  test  plan,  the  test  was  immediately  stopped  and  a decision  made 
as  to  whether  to  again  attempt  the  called-for  test  event,  to  cancel  the  test  event, 
or  to  add  an  intermediate  event.  Based  on  the  real  time  display  at  the  barge  of 
the  towline/depressor  behavior,  on  course  modifications  were  made  to  the  test  plan. 

Figures  11  and  12  show  the  testing  matrices  which  were  actually  executed  during 
the  towline  evaluation.  For  large  stabilizer  angles,  corresponding  to  maximum 
towline  tension,  maximum  depth,  and  maximum  angle  of  depression,  towing  speed 
was  limited  by  available  HTS  thrust.  For  lower  stabilizer  angle  settings,  corres- 
ponding to  minimum  tension,  minimum  depth,  and  minimum  angle  of  depression,  towing 
speed  was  limited  by  system  instability.  Instability  was  sometimes  oscillatory 
and  sometimes  divergent,  and  when  present  appeared  in  the  form  of  coordinated  de- 
pressor roll  and  side  trail  amplitude  in  excess  of  the  preset  limits.  It  should 
be  noted  that  the  testing  matrix  for  the  longer  Boeing  towline,  indicates  that  a 
95  foot  section  was  tested  rather  than  the  116  foot  section  which  was  manufactured. 
Early  in  the  program  this  length  was  inadvertently  towed  with  a 360  degree  twist. 
This  accident  weakened  the  upper  end  requiring  the  removal  of  21  feet,  accordingly 
all  data  used  in  analysis  were  derived  from  measurements  on  the  95  and  32  foot 
sections. 


DATA  REDUCTION 


Data  averaged  over  a one  second  time  period  were  used  for  the  towline  performance 
calculations.  From  each  test  event,  which  consists  of  15  seconds  of  test  data 
obtained  during  stabilized  HTS  speed  and  headings,  a one  second  period  of  repre- 
sentative data  was  selected.  The  event  time  listed  for  the  selected  event  sample 
was  the  reference  point  for  the  one  second  period. 

From  the  test  magnetic  data  tape,  digitized  data  were  obtained  for  an  eight  second 
period  that  encompasses  the  one  second  of  representative  data.  Processing  systems 
and  procedures  used  for  digitizing  are  described  in  Ref.  5.  An  average  of  the  one 
second  digitized  sample  was  calculated  and  corrected,  if  necessary,  for  instrumen- 
tation shifts  in  zero  and  calibration  values.  These  average  data  are  entered  on 
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data  sheets  entitled  "Tabulations  for  Calculations."  A digital  computer  program 
was  written  to  correct  these  tabulated  data  for  an  earth  axis  reference  system 
and  the  calculated  average  total  drag  coefficient  for  the  tow  line  and  fairings. 

The  acoustic  data  were  analyzed  by  playing  the  magnetic  tape  recordings  through 
a set  of  1/3  octave  filters  centered  at  10,  12.5,  16,  20,  25,  and  31.5  kHz,  and 
recording  the  output  on  graphic  level  recorders.  The  levels  were  corrected  for 
range,  and  the  beam  pattern  of  the  hydrophone.  The  final  results  are  presented  in 
source  level  per  unit  length  of  towline. 


RESULTS 

1.  Hydrodynamic:  The  test  matrices  for  the  Boeing  and  North  American  Aviation 

towlines  delineate  the  limits  of  cable  performance  based  on  system  stability.  It 
should  be  pointed  out  that  these  are  system  stability  limits  and  not  necessarily 
towline  stability  limits.  In  fact,  there  is  evidence  that  with  proper  yaw  de- 
coupling at  the  attachment  of  the  towline  to  the  depressor,  these  limits  could  be 
advanced  to  higher  speeds  and  shallower  depression  angles.  Using  the  Lake  Wash- 
ington test  data,  Boeing  computed  the  towline  drag  per  foot  for  normal  incidence 
at  45  knots  for  their  towline  6,  7,  8.  Using  the  available  test  data  and  slightly 
different  computations,  NEL  made  an  independent  assessment  of  towline  drag. 9 
Finally,  the  test  data  were  given  to  North  American  Aviation  and  they  made  their 
own  calculations  of  towline  drag.^^  The  range  of  results  are  summarized  below: 

Estimated  45  knot  drag  per  foot  at  normal  incidence 
based  on  Lake  Washington  tests 


Boeing  towline 

North  American 
towline 


minimum 


maximum 


14.2  lbs  15.1  lbs 


10.4  lbs  12.3  lbs 


? 

sV 


2.  Acoustic:  The  amount  of  acoustic  data  are  very  limited.  The  primary  purpose 

of  the  towing  tests  was  to  measure  drag  and  system  stability  It  was  agreed  to 
gather  acoustic  data  on  a non-interference  basis.  Data  were  only  obtained  on 
some  of  the  higher  speed  runs  with  the  95  foot  Boeing  towline  and  the  116  foot 
North  American  towline.  In  these  runs,  data  from  the  lower  hydrophones  appeared 
to  be  dominated  by  depressor  noise,  and  data  from  the  upper  hydrophones  contained 
mainly  noise  from  HTS.  Among  the  data  which  appeared  valid,  there  were  large 
variations  from  event  to  event.  Within  the  limits  of  variability,  both  towlines 
appeared  to  be  about  equal  as  noise  sources.  Fig.  13.  is  a plot  of  noise  versus 
speed  for  the  Boeing  and  North  American  towlines.  The  single  data  point  for  the 
5/16  inch  wire  rope  was  obtained  by  Boeing  using  HTS  and  the  same  measuring,  re^ 
cording,  and  analysis  equipment  used  for  the  two  faired  towlines. 
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SUMMARY 


Two  faired  towlines  of  radically  different  design  have  been  successfully  towed  to 
speeds  in  excess  of  40  knots  and  have  exhibited  lower  drag  than  any  previously 
tested  designs.  Within  experimental  error  the  normal  drag  computed  from  the  ex- 
perimental test  data  agrees  with  the  predicted  drag  based  on  best  currently  avail- 
able theory.  System  instability  was  exhibited  at  increasing  speed  and  decreasing 
angles  of  towline  depression.  This  is  believed  to  be  the  result  of  roll-yaw 
coupling  between  the  depressor  and  towlines,  and  probably  could  be  reduced  or 
eliminated  by  redesign  of  the  towline-depressor  attachment. 
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TABLE  L VARIABLES  MEASURED. 


Variable 


Ranae 


ON  HTS 

Boat  trim  angle 
Cable  tension 
Cable  inclination  angle 
Cable  azimuth 

Q 

Slant  range 
Side  trail 


±30°  Vertical  gyro 

0-7500  lbs.  Strain  gage 

0-90°  Pot. 

±10°  Pot. 

0-40  PSI  Strain  gage  pressure  transducer 

0-150  ft.  Ultrasonic  transducers 

±50  ft.  Ultrasonic  transducers 


AT  DEPRESSOR 

Body  pitch  angle 

±15° 

Vertical  gyro 

Body  roll  angle 

±30° 

Vertical  gyro 

Cable  ten sion 

0-7500  lbs. 

Strain  gage 

Cable  inclination 

0-90° 

Pot. 

Body  depth 

14.7-70  PSIA 

Strain  gage  transducer 

Q Total 

14.7-70 

Strain  gage  transducer 

Body  yaw  rate 

±30°'sec 

Y aw  rate  gyro 

Stabilizer  angle 

±5° 

Pot. 

1 
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EPOXY  BONDED,  GLASS  FIBER  STRENGTH  MEMBER 
ULTIMATE  STRENGTH  37,000  LBS 

TWO  COAXIAL  CABLES,  ELECTRICALLY 
EQUIVALENT  TO  RG-58'U 


SECTION:  NACA  63A022 


HAPLON  RUBBER  FAIRING, 
DACRON  COVERED 


BOEING 


^17.4  PH,  ULTIMATE  STRENGTH  25,000  LBS 
'POLYPROPYLENE  FAIRING 


TWO  RG-58/U  CABLES 


SECTION:  NACA  0020 


NORTH  AMERICAN 

Figure  J,  Boeing  and  North  American  towline  sections. 
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Figure  5.  Towed  depressor.  Wing  and  empennage  are  made  of  steel.  Instrumentation 
and  controls  are  housed  in  pressurized  cavities  within  body. 
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Figure  8.  Acoustic  trilaferation  system  for  determination  of  depressor  position  relative  to  HTS. 
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SPEED  - KNOTS 
RADIATED  NOISE  AT  16  KH^ 


Figure  13.  Radiated  noise  per  yard.  Curve  is  mean  value  for  Boeing  and  North  American  towlines, 
since  the  differences  were  negligible.  Data  point  for  5 16”  wire  shown  for  comparison. 
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